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Effects of fish on lacustrine invertebrate community and seston dynamics. 
Supervisor: Jack Stanford. Ph.D.
I hypothesized that introduced fish alter montane lacustrine food webs and cause changes in zooplankton 
distribution. These changes alter seston export and the benthic lake outlet invertebrate community 
dependent on lacustrine seston. I used a replicated whole lake study to investigate how the presence or 
absence of fish affects lacustrine invertebrate communities, horizontal zooplankton distribution, and seston 
export.
After an introductory Chapter One. I showed in Chapter Two that abundance of large bodied zooplankton 
and benthic invertebrates was lower in fish present compared to fish absent lakes. Fish present lakes had 
denser benthic communities but less dense zooplankton communities. Zooplankton biomass, and 
zooplankton and benthic invertebrate taxa richness did not differ with lake fish status though ordination 
showed fish presence tended to homogenize the benthic community into one containing a subset of 
available species. Fish presence did not markedly alter the multivariate space occupied by zooplankton.
In Chapter Three I showed neither fish, time (night or day), or location (midlake or outlet) had an effect on 
CarbonrNitrogen, a measure of seston quality as food, for any size seston size class (4-63 (fine), 64-125 
(small). 126-500 (medium), and >500 pm (coarse)). Sampling location had no effect on the quantity of 
coarse seston. but composition changed with less zooplankton and more exuviae in the outlet compared to 
midlake. Location had no effect on total, medium, and fine seston, while more detritus, possibly 
resuspended in the outlet, resulted in more small seston in outlet samples compared to those from midlake. 
Time and fish had significant effects on the quantity of coarse seston fraction only. Coarse seston increased 
at night and in fish absent systems.
In Chapter Four I showed horizontal zooplankton abundance gradients occurred in both fish present and 
fish absent lakes indicating it is not necessary to invoke direct fish predation to explain horizontal 
heterogeneity. Horizontal zooplankton gradients differ through a diel cycle but changes in distributional 
pattern are species specific with some species exhibiting gradients only during day. while others exhibit 
gradients only during night. Avoidance of the outlet over and above shore avoidance takes place in 
Daphnia sp.
In Chapter Five I reviewed fish predation effects, and ameliorating factors. In Chapter Six I conclude fish 
affect lacustrine invertebrate community and seston export in studied lakes. Changes are expected to 
manifest as alterations in the benthic invertebrate community in the lake outlet.
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Chapter One
Introduction
This dissertation is an investigation into the presence of introduced fish affect food webs in shallow 
montane lakes and how fish-induced changes may have cascading effects outside the spatial confines of the 
lake.
A primary goal in ecology is to describe and explain patterns of bioproduction. Recently, a trend 
towards interdisciplinary investigations has emerged among scientists interested in linking physical and 
biological controls on bioproduction. An unstated assumption of this movement is that compartmentalized 
physical habitats, traditionally studied in isolation with specific disciplines, are connected via material and 
energy How and that only basic research in key areas of connecting habitat will enable more informative and 
holistic ecological explanations of observed natural phenomenon. For example, it is being recognized that 
the traditional distinction between lentic and lotic freshwater ecology is artificial and that a better 
understanding of aquatic ecology will emerge as the physical and theoretical interfaces between these sub­
disciplines are merged through basic research.
An example of an ecological community that occurs in the physical interface of lentic and lotic habitats, 
but has been traditionally studied mainly from a lotic perspective, is the lake outlet benthic invertebrate 
community. The characteristic dense assemblages of filter feeders below lake outlets, and their abrupt 
decline downstream, have been studied extensively and has been attributed to downstream gradients in 
seston quantity or nutritive quality filtered as food, temperature, flow regime, substrate, competition, 
predation, and to the colonization cycle (Hynes 1970, Carlsson et al. 1977, Sheldon and Oswood 1977. 
Statzner 1978, Richardson 1984, Perry and Sheldon 1986, Valett and Stanford 1987. Loudon and Alstad 
1990, Harding 1992). Although the relative contributions of these structuring forces may be time and place 
specific, evidence suggests that gradients in seston concentration, size spectrum, and nutritive value are of 
pivotal importance (Richardson and Mackay 1991 and references therein). Even though lakes act as the 
seston source for outlet benthic communities, most studies to date investigating outlet community 
structuring forces have concentrated on processes starting at the lake outlet and extending downstream. 
Clearly attaining a more thorough understanding o f benthic community dynamics in the lake-stream 
interface must involve lentic investigations.
1
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Another theme in ecology is to develop mechanistic understandings of ecological pattern. For example, 
horizontal gradients in zooplankton are often observed in lakes, where zooplankton density, body size, and 
clutch size dramatically increase from the shallow nearshore water to the deeper pelagic zone (Boikova 
1986, Werner and Hall 1988, Gliwicz and Rykowska 1992). Although substantial evidence exists that fish 
affect the vertical distribution of zooplankton through zooplankton behavioral responses (De Stasio 1993). 
it is unclear whether zooplankton behavior (Seibeck 1968, Ringelberg 1969), or gradients in fish 
zooplankton consumption more fully account for horizontal zooplankton patterns (De Stasio 1993, Taleb et 
al. 1994). What is clear is that zooplankton comprise a significant component of seston flushed from lakes, 
and zooplankton horizontal distribution dictates their affinity for being flushed into the outlet stream and 
becoming available forage for benthic invertebrates. How fish affect the horizontal distribution of 
lactustrine zooplankton may be a key mechanism through which lactustrine food web configuration, the 
presence or absence of fish, affects benthic community structure in the outlet stream.
In the research reported here I used a replicated whole-lake experimental design to merge the two 
research themes o f interdisciplinary and mechanistic investigations using exotic fish introductions 
(Oncorhynchus clarki (Richardson)) in shallow montane lakes as study systems. I investigated how fish 
introduced into historically fishless lakes affect lacustrine food webs and how fish-induced changes may 
have cascading effects outside the spatial confines of the lake. Small lakes were chosen because they enable 
replication and logistical practicality. Montane lakes were chosen because food webs in these lakes contain 
relatively few species which simplifies causal tractability.
I present three self-contained data chapters (Chapters Two, Three and Four), a chapter containing a 
review of the effects of fish predation in lakes (Chapter Five), and a summary/concluding chapter (Chapter 
Six). Chapter Two quantifies effects of fish on the lacustrine invertebrate community. Chapter Three 
quantifies the effects of fish on total amount, size spectrum and nutritive quality of seston flushed from 
lakes. As seston contributes to benthic outlet community structure, fish mediated changes in seston would 
be expected to be manifested in changes in outlet community dynamics. Chapter Four investigates the 
mechanisms of changes in lacustrine seston export by comparing zooplankton horizontal distributions in 
lakes with and without fish. In Chapter Five I review of the effects of fish predation in lentic food webs, 
present factors which moderate effects of fish predation, and make generalizations about in what types of 
lakes fish predation would be expected to have the most pronounced ecological effects. In Chapter Six I 
present a summary and conclusion.
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Chapter Two
Fish Effects on Lacustrine Invertebrates
Introduction
Fish have often been stocked in montane lakes to improve the recreation resource (Bahls 1992). 
Although the effects of fish stockings on benthic invertebrate and zooplankton communities have previously 
been investigated (e.g. Bendell and McNicol 1995, Hanson and Leggett 1986, Hansson and Carpenter 1993, 
Hesson et al. 1995), most existing studies suffer from shortcomings in experimental design. Most either 
employ short term exclosures or other unnatural manipulations, lack system-level replication or, when 
replicated at the whole-lake level, are confounded by lake depth with fishless lakes systematically shallower 
that lakes with fish because periodic winterkill is responsible for the fish absence. As lake depth not only 
plays a role in fish survival but also in lake productivity by regulating mixing depth, affinity for 
stratification, and temperature, there is a potential for a depth bias to affect study conclusions (Wetzel 1983, 
Chow-Fraser 1991). Leibold et al. ( 1997) argue that although ecosystem-level variables may appear to 
approach an equilibrium in short-term press experiments like those employing exclosures, processes such as 
invasion and extinction of species will not have time to play out in most such investigations. As community 
compensatory mechanisms develop over time scales of years, and may require whole-system processes, 
short term or small scale studies of the effects of fish predation, like the majority of those in the literature 
which have shaped our perception of top-down ecosystem control, may be biased towards detection of 
strong effects (Ramcharan et al. 1995). In addition, there is a lack of whole-community research that 
simultaneously investigates fish effects on benthic and pelagic invertebrate communities.
In this study I investigated the effects of fish on benthic invertebrate and zooplankton communities in 
montane lakes. To address the potential confounding effects detailed above I employed a replicated whole- 
lake experimental design using lakes of similar productivity, morphometry, and physical characteristics that 
contained either naturally reproducing fish populations or were fishless. Also, to investigate the efficacy of 
using lakes as system-level replicates, and to aid in development of future experiments, I quantified what 
proportion of the total variation in dependent variables could be accounted for by fish status, by differences 
among lakes within a fish treatment, and by within lake subsampling.
Specifically, in this study I: I ) tested if benthic invertebrate and zooplankton biomass, density, 
community body size structure and taxa richness differed with lake fish status, 2) tested if summed
3
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invertebrate biomass and taxa richness (benthic invertebrate + zooplankton) differed with lake fish status, 3) 
quantified the effects of fish on the invertebrate community structure using ordination of whole community 
data and, 4) partitioned the total experimental variation among the different levels of the experimental 
design.
Methods
I conducted a lake survey in northwest Montana and selected montane lakes for their similarity in 
morphology, hydrogeologic setting, and physico-chemical characteristics. I used only fish absent lakes 
(n=4) and lakes that have supported naturally reproducing fish populations for extended periods (> 20 
yearsXn=4). There is the possibility that some fishless lakes historically supported fish populations. Some 
lakes were unnamed and are referred to here by number. As lake similarity is crucial for this experiment I 
have listed lake locations and descriptive parameters in Tab. 2.1. There were insignificant differences in 
morphometry and correlates of production between lakes comprising each fish treatment (e.g. mean depth, 
t(6,=0.109, P=0.92; total phosphorous (TP), t(6)=0.523. P=0.62). Study lakes were in the sub-alpine zone, 
lacked macrophyte cover, and did not markedly stratify during the study year.
Each lake was sampled once for benthic invertebrates (n=5) and zooplankton (n=3) in July or August of 
1997. Benthic invertebrates were randomly sampled with a 5 cm deep Eckman grab samples collected at 
1200 h (+/- one h) from the only substrate type found in all eight study lakes, which was composed of fine 
particles ( >80% of <2 mm diameter) with interspersed small woody debris and gravel (> 20% of 2-16 ram). 
Samples were filtered through 250 pm mesh in the field and stored in 70% ethanol while transported back 
to the laboratory. Subsamples were taken such that all organisms, or a minimum of 100 organisms, per 
sample were hand-picked and identified to as low a taxonomic resolution possible. Two meter zooplankton 
hauls were collected at 0200 h (+/- one h) at the deepest part o f the middle of the lake using a 64 pm mesh 
net with a 30 cm opening. All lakes had similar morphometry, generally bowl shaped, so that the deepest 
part of the middle of the lake could readily be identified. Samples were preserved in 70% ethanol, 
concentrated to 6 ml, subsampled with a 2 ml Henson-Stempel pipette, identified, and counted in a 
Sedgwick-Rafter counting cell. All taxa were readily identified to genus or species (Ward and Whipple 
1959, Saether 1970. Pennak 1989). Dr. E.B. Reed performed all copepod identifications. Cladocera sp., 
rotifers, and all benthic invertebrates except mayflies and caddisflies were identified by D. Wicklum. 
Mayflies and caddisflies were identified by J. Giersch at the Flathead Lake Biological Station.
I summarized the effects of fish predation using the common metrics of invertebrate biomass (dry mass), 
size, density, and taxa richness. Dry masses were obtained by transferring individual replicate samples into 
individual pre-weighed aluminum weighing dishes and drying them at 40 °C for 4 d. Weighing dishes were
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then reweighed on a microbalance and sample dry mass (±1 |ig) determined by correcting for the mass of 
the weighing dish. I included size as a dependent variable because size structured interactions have been 
previously used to successfully describe mechanisms of predator-prey relationships in aquatic systems (e.g. 
Stein et al. 1988). Animals were defined as being large if the maximum length of their mature aquatic 
stage, determined from direct measurement or from the literature, was greater than the median size of 
pooled organism sizes from all lakes. Pooling that defined body size was conducted separately for benthic 
invertebrates and zooplankton.
Single factor ANOVA was used to separately test for differences in the metrics for benthic invertebrate 
and zooplankton between fish present'and fishless lakes. In addition. I summed zooplankton and benthic 
invertebrate biomass data using variable means weighted by sample size (and depth of zooplankton tow), 
and expressed the new variable as total invertebrate dry mass •  m 2. Invertebrate taxa richness was summed 
in a similar manner. I tested these constructed variables for effects of fish presence using t-tests. Inequality 
of variance and normality assumptions of statistical tests were addressed by logi0 or logic (x+l) 
transformation where appropriate. I quantified the percent of total variation in each dependent variable 
accounted for by fish treatment, differences among lakes within a fish treatment, and subsampling variation 
within a lake using nested ANOVA and the methodology detailed in Sokal and Rolf (1981). Because of the 
necessarily low sample size associated with whole system studies some latitude is warranted when judging 
statistical significance (see Vanni et al. 1997). Here I consider P<0.10 as being statistically important.
Faunal community similarities among lakes were summarized by the detrended correspondence analysis 
(DECORANA) (Hill 1979), an ordination technique selected a priori. To allow interpretable ordinations 
some taxa were grouped into higher taxonomic units (e.g. Daphnia sp., Diaptomid copepods).
DECORANA is suited for community data because it does not rely on linear responses o f species to 
environmental factors (Beals 1973). DECORANA was performed using abundance data with no 
transformation of the data and no downweighting of rare species. Instead of presenting vectors indicating 
relative contributions of specific taxa to ordination axis scores, which for these data yielded a figure too 
cluttered to be interpretable. I present Pearson and Kendal correlations between axis scores and taxa 
abundance. Analyses were performed using Systat (Wilkinson 1990) and PC-ORD (McCune and Mefford 
1995).
Results
Metrics
Benthic Invertebrates
Fishless lakes had significantly higher biomass per unit area (240.6 vs. 124.8 pg dry mass •  0.1 iri‘, 
F|.6=6.48, P=0.044), and more large bodied invertebrates than lakes with fish (40.3 vs. 17.3 organisms •  0.1
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Figure 2.1. Benthic invertebrate community biomass (jig dry mass • m"), size (# large organisms •  m "), 
density (# organisms • m‘2), and richness (# taxa) + SE for lakes with and without fish (n=4,5 subsamples). 
Logged units of Y-axis differ for each dependent variable.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
8
m 2. F|.6=4.23, P=0.085)(Fig. 2 .1). Fish present lakes had significantly higher densities o f benthic 
invertebrates compared to fishless lakes (1755.1 vs. 494.9 • 0 .1 m'2, FL6=4.13, P=0.088)(Fig. 2 .1).
Taxa richness did not differ with lake fish status (10.25 tax in fish present vs. 8.75 in fish absent.
F, .6=0.289, P=0.6l0)(Fig. 2.1).
Zooplankton
There was no significant difference in zooplankton biomass (45.2 vs. 115.3 pg dry mass •  m \
F| 6=1.962. P=0.211) or taxa richness (4.2 vs. 4.8 taxa. F|.6=0.245, P=0.6380) between fish present and fish 
absent)(Fig. 2.2). Fish absent lakes had zooplankton communities that were significantly denser (2063.5 vs. 
760.8 m '\ F| 6=3.911. P=0.095) and included significantly more large bodied organisms than lakes with fish 
(603.9 vs. 357.4 m \  F,.6=4.053. P=0.091 )(Fig. 2.2).
Benthic Invertebrates + Zooplankton
Summed benthic invertebrate and zooplankton biomass was significantly higher in fish absent lakes than 
fish present (280.1 vs. 128.9 pg dry mass •  m'2, t«„=4.73, P=0.003). Pooled benthic invertebrate and 
zooplankton taxa richness did not differ with lake status (14.6 vs. 13.9 taxa, t,6)=2.11. P=0.309).
Community Ordinations 
Benthic Invertebrates
Ordination revealed that lakes with fish tend to be more homogeneous in their benthic community 
structure (Fig. 2.3). The benthic invertebrate community in lakes without fish were found to be neither very 
similar to lakes with fish, nor necessarily similar to each other. Ordination axis one accounted for 24.9% of 
total variation, axis two accounted for 5.1%.
Correlations between axis scores and specific taxa revealed that Cammarus lacustris Sars (0.41) and 
limnephiiid trichopterans (0.37) were the taxa most positively correlated with axis one while cyclopoid 
(0.39) and harpacticoid copepods (0.36), and Sialis sp. (0.31) were most strongly negatively correlated. 
Gammarus lacustris (0.55). ostracods (0.46), leptophlebiid trichopterans (0.21), and Erpobdella punctata 
Leidy (0.21) were most strongly positively correlated with axis two. Dytiscid beetles (0.14) were most 
strongly negatively correlated with axis two (Tab. 2.2).
Zooplankton
The multivariate space occupied by fish present and fish absent lakes was markedly similar except for a 
single fish absent lake. Twin Lake (Fig. 2.4). This lake was unique in that neither cladocerans or rotifers 
were sampled. Axis one accounted for 21 % of the variation is the original community data while axis two 
accounted for 2.6%.
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Correlations between axis scores and specific taxa revealed that the cladoceran genus Scaphole sp. 
(0.58), the rotifer Polyarthra vulgarus Carlin (0.57). and Cerodaphnta reticulata Jurine (0.37) were the 
taxa most positively correlated with axis one while diaptomid copepods (.58) and Holopedium gibberum 
Zaddach (0.41) were most strongly negatively correlated. Holopedium gibberellum (0.41) was the taxa 
most strongly positively correlated with axis two. Daphnia sp. (0.18) and Chydorus sp. (0.11) were most 
strongly negatively correlated with axis two (Tab. 2.3).
Variance Partitioning 
Benthic Invertebrates
The percentage of total variation in each summary metric attributable to each level of the experimental 
design depended on what variable was considered. The majority of variation in biomass was attributable to 
differences among subsamples within a single lake, 79%. while the fish treatment accounted for 14% and 
differences among lakes within a fish treatment accounted for only 7% of total variation (Fig. 2.5). Within 
lake subsampling accounted for 36% of variation in the benthic community size structure while interlake 
differences within a treatment accounted for 40% and fish effects accounted for 24% (Fig. 2.5). 
Subsampling, differences among lakes within a fish treatment, and the fish treatment effect accounted for 
25. 65. and 10% of the variation in invertebrate density and 49, 51, and 0% of the variation in taxa richness. 
On average subsampling, non-fish related differences among lakes, and the fish treatment effect accounted 
for 47,41 and 12% of the total variation in benthic invertebrate metrics.
Zooplankton
As with benthic invertebrates the percentage of total variation in each metric attributable to different 
levels of the experimental design depended on what variable was considered (Fig. 2.6). The pattern of 
allocation of variation for biomass and community size structure was similar with about 33% attributable to 
within lake subsampling, 42% to differences among lakes within a treatment and 24% to fish effects. The 
majority of variation in both density and taxa richness was attributable to differences among lakes within a 
fish treatment at 70 and 75% respectively. Subsampling accounted for 4 and 22%. while fish treatment 
effects accounted for the remaining 26 and 3% in density and taxa richness. On average, within lake 
subsampling, differences among lakes within a fish treatment, and the fish treatment effect accounted for 
about 20. 57 and 23% of the total variation in zooplankton summary metrics (Fig. 2.6).
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Figure 2.6. Percent of zooplankton dependent variable variation (biomass (pg dry mass •  m’3), size (# large 
organisms • m'3), density (# organisms • m'3), richness (# taxa)) and mean percentage for all dependent 
variables (SD), attributable to treatment effect of fish, differences among lakes within a fish treatment, and 
within lake subsampling as determined from nested ANOVAs.
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Discussion
Many studies have found that fish have strong effects on lacustrine invertebrates (e.g. Bendell and 
McNicoI 1995, Chilton and Margraf 1990, Diehl 1992, Bechara et al. 1993, Luecke 1990) while others 
found weak or no effects (Kajak 1977, Thorp and Bergey 1981. Allan 1982. Hershey 1985. Hanson and 
Leggett 1986, Reice and Edwards 1997, Anderson 1980, Donald etal. 1994). Conflicting results, probably 
resulting from lake-specific ameliorating factors and experimental design short-comings, seriously hinder 
efforts to attain broad, generalizable mechanistic understandings of lacustrine food web dynamics. In this 
study, where confounding effects are removed through experimental design, patterns of Fish effects 
generally emerge as strong and similar when simultaneously looking at benthic invertebrates and 
zooplankton.
Both the benthic invertebrate and zooplankton communities in fish absent lakes were comprised of 
larger organisms than in fish present lakes (Fig. 2.1, Fig. 2.2). In this study, hypothesized long-term whole- 
system compensatory mechanisms like species replacements and evolution of predation resistant traits 
(Leibold et al. 1997) were not sufficient to compensate for fish predation pressures in the shallow, 
structurally simple study lakes that lack spatial refugia (e.g. stratification, complex substrate, macrophytes). 
The perspective that organism body size is one of an organisms' most important ecological attributes is 
becoming an increasing useful principle in ecology (Stein et al. 1988). Evidence presented here suggests 
size-dependent interactions are important in studied systems that lack well developed refugia.
Fishless lakes had higher benthic invertebrate biomass but lower benthos density than fish present lakes 
(Fig. 2.1). Coupling this finding with the larger benthos size in fish absent lakes it appears that fish 
removed the large benthic invertebrates which, through a community interaction like competitive release or 
removal of invertebrate predators, caused an increase in abundance of small benthic organisms. This 
numerical increase was not enough to compensate for the biomass lost as large organisms. The removal of 
large predatory invertebrates by fish and subsequent decreased predation by invertebrates has been the 
hypothesized mechanism associated with increased abundance or biomass of small bodied benthos in 
studies of a temperate lake and a boreal forest stream (Bechara et al. 1992, Jackson and Harvey 1993). 
Evidence is accumulating that introduced fish not only impart a strong direct structuring effect through 
direct predation, but also initiate a change in dynamics within the benthic invertebrate community.
In contrast to benthos, zooplankton biomass did not differ with fish status (Fig 2.) while zooplankton 
density was greater in fishless lakes. One would expect that if zooplankton size decreased, then there would 
have to have been a compensatory increase in density to account for the lack of significant biomass 
difference between lake types. In fact the opposite happened, zooplankton density decreased with fish
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presence. However, a power analysis revealed an estimated 58% chance of performing a type II statistical 
error in testing for a difference in benthic biomass between lakes of different fish status. It appears that 
infrequent large amphipod zooplanktors (G. lacustris. Hyallella azteca Saussure) captured in zooplankton 
hauls drastically increased sample variation and may have been responsible for decreased statistical power 
and consequent lack of significant fish effect on biomass. Pooled zooplankton and benthic invertebrate 
biomass was higher in fish absent lakes. The decrease in benthic biomass more than compensated for the 
lack of statistical difference in zooplankton biomass. Adding fish caused the whole-community biomass 
distribution to shift toward the top of the food web.
Taxa richness did not differ with lake fish status for either benthic invertebrates or zooplankton (Fig. 2.1. 
Fig. 2.2). However, ordination revealed that substantial community level changes in species occurrence and 
abundance did occur when fish were present even though the number of taxa present was not a function of 
fish occurrence (Fig. 2.3, Fig. 2.4). Benthic invertebrate communities in fish present lakes tended to be 
more similar to each other compared to communities in fish absent lakes, as indicated by the relative size of 
the polygons in Fig. 2.1. This suggests a fish induced homogenization of the benthic community into one 
which contains a subset of species from the available pool that are able to avoid fish predation. Benthic 
community types observed in fish absent lakes were more varied. These findings suggest introduced fish 
species have negative effects on native benthic invertebrate biodiversity.
Effects of fish on zooplankton community structure were not as marked. Zooplankton communities 
generally occupied the same multivariate space except for one notable exception, Fishless Twin Lake. The 
numerical dominance in this lake by large copepods (Hesperodiaptomus shoshone Forbes and 
Aglaodiaptomus leptopus Forbes) as well as a complete lack of cladoceran or rotifer species resulted in this 
finding. The small amount of variation explained by the zooplankton ordination second axis (2.6%) 
responsible for separating this lake from the major cluster of lakes makes it difficult to arrive at strong 
general conclusions about the significance of this lake placement. All lakes contained few zooplankton 
taxa. and few lakes contained exactly the same taxa. To enable a meaningful ordination the taxonomic 
resolution of the zooplankton data had to be decreased. This may have resulted in lakes occupying more 
similar multivariate space than would have happened if full resolution could have been retained. However, 
based on these ordinations, fish had more of an effect on benthic invertebrates community structure than 
zooplankton.
Remarkably similar patterns, with notable exceptions, were observed when the total variation in a 
dependent variable was partitioned between different levels of the experimental design. Within lake 
variation was systematically lower for all zooplankton variables compared to benthic invertebrates. This
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may be because zooplankton are more randomly distributed in space than benthic organisms. If benthic 
organisms exhibited a contagious distribution then the magnitude of dependent variables would tend to be 
high in some samples and low in some samples, resulting in higher variation.
Very little of the variation in taxa richness in both could be attributed to the fish treatment. Most of the 
variation in both benthic invertebrate and zooplankton density and size was attributable to differences 
among lakes within a fish treatment. Zooplankton density shows very little of the total variation in within 
lake subsamples but a large amount of the total variation appears among lakes within a fish treatment. 
Among lake variation, not attributable to treatment is a reality of field studies that uses whole systems as 
replicates where ecological realism is traded off with experimental control. It should be emphasized that no 
inference into statistical power can be gained from a variance partitioning exercise. The fact that only a 
small proportion of the variance for each variable could be attributed to fish treatment should not be 
interpreted as fish having little effect on invertebrate communities. The effect may be drastic, and clearly 
fish had a large enough of an effect to be found significant in this study. This analysis points out the 
relative, not absolute, contributions of variance from different levels of the experimental design. It does not 
provide judgment as to their statistical or biological importance. Targeting sampling effort in future studies 
to the level of the experimental design for each dependent variable that account for the greatest proportion 
of the total would capture the extent of the variation more fully and provide a more robust study.
This study found that introduced fish had strong simultaneous effects on the benthic invertebrate and 
zooplankton communities in shallow, montane lakes. Fish not only affected community change by direct 
predation but seemed also to change dynamics within the invertebrate community.
Summary
I investigated the effects of introduced fish on benthic invertebrate and zooplankton communities in 
shallow, morphomeirically similar montane lakes using a replicated whole-lake experimental design. 
Specifically, I tested how fish affected univariate metrics describing invertebrate communities (biomass, 
size, density, and richness), performed DECORANA ordination of whole community data, and to aid in 
future study development, I partitioned the total variance for each dependent variable among the different 
levels of the experimental design. The density of large bodied zooplankton and benthic invertebrates was 
lower in fish present lakes. Zooplankton and benthic invertebrate size was smaller in lakes with fish. Fish 
present lakes had denser benthic communities but less dense zooplankton communities. Zooplankton 
biomass, and zooplankton and benthic invertebrate taxa richness did not differ with lake fish status. When 
lake specific benthic invertebrate biomass and taxa richness was added to corresponding zooplankton
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
20
biomass and taxa richness to yield total invertebrate biomass and richness variables, fish present lakes had 
less biomass while taxa richness did not differ with fish presence or absence. Although taxa richness did 
not difler with lake fish status, ordination revealed that fish presence tended to homogenize the benthic 
community into one which contains a subset of species from the available pool. Benthic community types 
observed in fish absent lakes were more varied. Zooplankton communities from fish present and fish absent 
lakes generally occupied the same multivariate space, although a decrease in taxonomic resolution, needed 
to ensure a meaningful ordination, decreased the power of this analysis. The level of experimental design 
that contributed most to the total variation was variable and taxa specific.
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Chapter Three
Influence of fish on diel export of seston from montane lakes.
Introduction
Seston of lacustrine origin maintains dense assemblages o f benthic invertebrates immediately below 
lake outlets. Typically, benthic invertebrate abundances decline abruptly downstream (Sheldon and 
Oswood 1977, Richardson 1984, Valett and Stanford 1987. Richardson and Mackay 1991). This 
abundance decline has been studied extensively and has been attributed to downstream gradients in seston 
quantity or nutritive quality filtered as food by benthic invertebrates, temperature, flow regime, substratum, 
competition, predation, and to the colonization cycle (Hynes 1970, Carlsson et al. 1977, Sheldon and 
Oswood 1977, Statzner 1978. Perry and Sheldon 1986, Valett and Stanford 1987, Loudon and Alstad 1990, 
Harding 1992). The relative importance of these factors in determining lake outlet filter feeder distribution 
likely is time and site specific. However, evidence suggests that gradients in seston concentration, size 
spectrum and nutritive value are of pivotal importance (see references in review by Richardson and Mackay 
1991).
In spite of the intuitive importance of lakes in structuring benthic lake-outlet communities, most studies 
to date have concentrated on stream processes. Notable exceptions include Perry and Sheldon (1986) 
where quantity of exported lake seston was shown to affect community composition and species richness of 
aquatic insects in northwest Montana lake outlets: Malmqvist and Eriksson (1995) where a weak negative 
relationship between lake exports and benthic invertebrate community species richness was demonstated; 
and Harding (1997) who showed that cladoceran zooplankton concentration was positively correlated with 
hydropsychid caddisfly densities in a New Zealand lake outlet.
Of clear importance in structuring lake outlet benthic communities are the factors that determine the 
quantity, quality and size distribution of exported lake seston. Level of lake production, controlled partially 
by nutrient levels, will play a role in determining the quantity and type of seston exported. However, 
nutrient loading alone is a relatively poor predictor of productivity. Even in phosphorus-limited lakes < 
50% of the variance in productivity can be explained by phosphorus loading (Schindler 1978).
Temperature, depth of mixing, and the concept of cascading trophic interactions (CTI) are invoked to 
explain differences in primary productivity among lakes of similar nutrient input but different food webs 
(Carpenter et al. 1985). The CTI hypothesis predicts that a rise in the biomass of terminal predators in an 
aquatic food web causes decreased planktivore biomass, increased herbivore biomass and body size, and
21
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decreased phytoplankton biomass and primary productivity. Potential productivity at each trophic level is 
set by nutrient supply while realized productivity is dictated by food web configuration moderating nutrient 
recycling and allocation among populations with different growth rates (Carpenter et al. 1985).
CTI theory also predicts that systems dominated by large zooplankton. such as montane fishless systems, 
may not only have lower phytoplankton biomass but may also exhibit differences in phytoplankton species 
assemblage. Large herbivorous zooplankton graze a broader spectrum of algae and have higher grazing 
rates, yet recycle nutrients at lower rates than smaller species (Carpenter and Kitchell 1984). Body size 
affects predation rate in predacious zooplankton (Porter et al. 1983), as well as food selection (Bums 1968), 
and nutrient regeneration (Hamilton and Taylor 1987). If changes in zooplankton and phytoplankton size 
occur simultaneously a bottleneck to carbon and energy flow might develop in the pelagic planktonic food 
web. with more energy retained in smaller sized organisms (Yan and Strus 1980, Havens 1992). As zoo- 
and phytoplankton comprise a large proportion of particles available for export from a lake, changes in 
plankton species assemblages mediated by the presence of fish, and the associated potential for energetic 
bottlenecks, may result in changes in the quantity, size distribution, and nutritive value of particles available 
for export. These changes would be expected to have cascading effects on biota in the outlet stream 
dependent on lake seston.
My general working hypothesis is that pelagic food web structure, particularly the presence or absence 
of fish, will affect measurable correlates of lake productivity, the quantity, nutritive quality, and particles 
size distribution of exported lake seston. Lake morphology and the outlet stream-lake interface, as well as 
diel migrations by zooplankton. may also affect seston export by dictating what types of particles are 
available for entrainment. To address these issues, and to quantify the diel cycle of seston export from lakes 
1 conducted a replicated whoie-lake study measuring seston variables in a diel cycle, in fish present and 
absent lakes, in the middle of the lake and at the lake outlet.
Specifically, in this study I 1) quantified the effect of fish presence or absence, on the total quantity, 
nutritive quality, and size distribution of exported lacustrine seston. 2) quantified the total quantity, nutritive 
quality, and size distribution of lacustrine seston exported during day and night and, 3) investigated the 
importance of physical processes in determining quantity and type of seston exported by comparing within 
lake seston variables with those describing seston collected at the lake outlet. Also, to investigate the 
efficacy of using lakes as system-level replicates and to aid in development of future experiments, 14) 
quantified what proportion of the total variation in dependent variables could be attributed to lake fish 
status, to differences among lakes within a fish treatment, and to within lake subsampiing.
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Methods
The lakes used in this experiment were the same as those used in Chapter Two. Seston was collected 
twice from each lake, ± l i h  from 1200 h and 0000 h, during a single 24 h period, at the deepest part of the 
middle of the lake (midlake) and the outlet stream (outlet)(3 subsamples. Outlet seston samples were taken 
at the first indication of turbulent flow. Midlake water, from I m deep, was collected with a sampling 
bottle, and poured through stacked sieves of successively smaller nitex mesh sizes (500. 125. and 63 
pm)(see Hauer 1996). Seston on the meshes was flushed onto ashed, preweighed Whatman GF1C glass 
fiber filters washed in methanol and 10% HCL using a de-ionized water squirt bottle, and vacuum filtered 
with a hand pump. Water that had passed through the stacked sieves, and therefore any particles greater 
than 63 pm removed from it, was collected in plastic bags prewashed in de-ionized water, and vacuum 
filtered onto glass fiber filters. With these techniques I obtained quantitative samples of seston in the size 
ranges of 4-63 (fine), 64-125 (small). 126-500 (medium), and >500 pm (coarse). Total seston was 
determined by summing these categories. Outlet samples were collected as for lake samples from mid­
depth of the outlet stream, except as large particles were anticipated to be very infrequent the >500 pm size 
fraction was collected by submerged flow-through seston nets, with the volume of water filtered determined 
by area of net opening x water velocity x time net was operational. Samples were transported in plastic 
sample jars washed in methanol, and kept cool with dry ice during transport to storage facilities where they 
were frozen until analysis.
Samples were thawed, and inspected under x 45 magnification for seston composition. The percent of 
total area occupied by each of five descriptive seston categories (zooplankton (including Chaoborus sp.. 
cladocerans. copepods, and rotifers), exuvia, amorphous detritus, morphous detritus (identifiable particles 
not described by other categories, e.g. sand grains, woody debris etc.), and pollen), was allocated to one of 
five semi-quantitative categories of areal coverage (absent, 1 - 20, 21 - 50, and 51- 75, 76 - 100%). Filters 
were then treated with concentrated HCI vapor for 2 h to remove inorganic carbon (Dame et al. 1986) and 
dried for 12 h at 50 °C. The difference between the initial dry filter weight and final dry filter weight gave 
the weight of seston on the filter. The C:N, taken as a correlate of seston nutritive quality, was determined 
using a Perkin-Elmer CHN analyzer.
Initially I proposed to make interlake comparisons more meaningful by ordinating variables that affect 
production and export of lacustrine carbon, thereby obtaining a lake specific covariate. This approach was 
successful during pilot studies that were based on field collection spanning several months in summer 1995. 
The 1995 lake covariates were heavily weighted on lake water temperature, which varied widely because of 
the length of time over which samples were collected. The data presented in this study were collected in a
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short time span and lake water temperatures were very similar. Attempts to construct statistically useful 
covariates were unsuccessful, so analyses here are restricted to ANOVA.
I used a three-factor ANOVA for each size fraction of seston. with fish (presence or absence), time (day 
or night) and sampling location (midlake or outlet) as factors, to test for differences in seston 
concentrations, and C:N. Differences in C:N among seston size fractions was tested using one-factor 
ANOVA using seston collected during day at the lake outlet. I quantified the percent of total variation in 
seston quality and quantity (night, outlet data) accounted for by fish treatment, differences among lakes 
within a fish treatment, and subsampling variation within a lake, using nested ANOVA and the methodology 
detailed in Sokal and Rolf ( 19 8 1). Inequality of variance and normality assumptions of statistical tests were 
addressed by logjo transformation where appropriate. Because of the necessarily low sample size associated 
with factorial whole system studies some latitude is warranted when judging statistical significance (see 
Vanni et al. 1997). Here I consider P<0.10 as being statistically important.
Results
Neither fish presence or absence, time of sampling, sampling location, or interactions of these factors, 
had a significant effect on C:N ratio of any size class of seston (Fig. 3.1. Tables 3.1. 3.3. 3.3, and 3.4).
Mean C:N ranged from 9.55 in medium seston collected in fish present lakes during day at the lake outlet, 
to 6.39 in coarse seston collected at night from fish absent lakes at the outlet. There were no significant 
differences in C:N between seston size classes (mean (SD): coarse 8.34 (1.55), medium 8.71 (3.37), small 
9.12 (1.07), fine 8.16 (0.99); F3 M=0.60, P=0.62).
Seston concentration as a function of sampling location is presented in Fig. 3.2. Neither sampling 
location, or any interaction containing sampling location, had a significant effect on total seston 
concentration, or on coarse, medium or fine size classes. Location had a significant effect on small seston. 
with concentrations significantly higher in the outlet compared to midiake (Fij>4=6.7, P=0.016) (Fig. 3.3, 
Tabs. 3.5, 3.6. 3.7, 3.8, and 3.9).
Fig. 3.3 presents total seston concentration, and seston fractioned by size, collected from lake outlets, as 
functions of fish presence or absence and sampling time. Both fish presence and time of sampling had 
significant effects on concentrations of coarse seston (F|J4=3.4, P=0.079, Fi.24=3.5, P=0.073)(Fig. 3.3. Tab. 
3.6), with concentrations higher in fish absent lakes and during night sampling. Neither fish presence, 
sampling time, or the interaction of these effects, had a significant effects on the concentration of total 
seston or on medium, small or fine seston (Fig 3.3. Tables 3.5, 3.7, 3.8, and 3.9). Seston concentrations
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Figure 3 .1. Carbon to nitrogen ratios (C:N ± SE) for four size fractions of seston (coarse >500, medium 
126-500, small 64-125, and fine 4-63 pm) taken during day and night (± 1.5 h from 1200 h and 0000 h) at 
midlake and the outlet stream, in fish present and fish absent lakes (n=4). Sampling time, location, fish 
status, and their interactions had no significant effect (P>0.10). Lines indicate direction of differences 
between midlake and outlet.
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Figure 3.2. Seston concentration (mg dry weight /  liter ± SE) fractioned by size (coarse >500. medium 126- 
500, small 64-125, and fine 4-63 pm) taken during day and night (± 1.5 h from 1200 h and 0000 h) at 
midlake and the lake outlet, in fish present and fish absent lakes (n=4). The concentration of small seston 
was significantly higher in the outlet compared to midlake (P=0.016). Lines indicate direction of 
differences between midlake and outlet.
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Figure 3.3. Seston concentration (mg dry weight /  liter + SE) fractioned by size (coarse >500. medium 126- 
500, small 64-125, and fine 4-63 jim) taken during day and night (± 1.5 h from 1200 h and 0000 h) at lake 
outlets, in fish present and fish absent lakes (n=4). Fish absent lakes had significantly more coarse seston at 
night (P<0.10). Note different scales above and below axis break.
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Table 3.1. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night),
and location (midlake and lake outlet) on C:N of coarse seston (>500 pm).
SOURCE SS OF MS F P
FISH 3.050 1 3.050 1.926 0.178
TIME 0.072 1 0.072 0.045 0.833
LOC 0.902 1 0.902 0.569 0.458
FISHTIME 3.830 1 3.830 3.419 0.133
F!SH*LOC 1.931 1 1.931 1.220 0.280
TIME*LOC 0.344 1 0.344 0.217 0.645
FISH*TIME*LOC 3.617 1 3.617 3.384 0.144
ERROR 38.003 24 1.583
Table 3.2. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night), 
and location (midlake and lake outlet) on C:N of medium seston (126-500 pm).
SOURCE SS DF MS F P
FISH 1.082 1 1.082 0.356 0.556
TIME 0.017 1 0.017 0.006 0.941
LOC 0.000 1 0.000 0.000 0.990
FISHTIME 4.741 1 4.741 1.560 0.224
FISH*LOC 3.866 1 3.866 0.943 0.341
TIME'LOC 0.716 1 0.716 0.236 0.632
FISHTIME*LOC 1.704 1 1.704 0.561 0.461
ERROR 73.929 24 3.039
R e p ro d u c e d  with perm iss ion  of  th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
29
Table 3.3. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night),
and location (midlake and lake outlet) on C:N of small seston (64-125 pm).
SOURCE SS DF MS F P
FISH 0.000 1 0.000 0.000 1.000
TIME 0.679 1 0.679 0.351 0.559
LOC 0.934 1 0.934 0.484 0.494
FISHTIME 0.821 1 0.821 0.425 0.521
FISH'LOC 3.471 1 3.471 1.279 0.269
TIME*LOC 4.887 1 4.887 3.529 0.125
FISHTIME *LOC 0.000 1 0.000 0.000 0.990
ERROR 46.373 24 1.932
Table 3.4. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night).
and location (midlake and lake outlet) on C:N of fine seston (4-63 pm).
SOURCE SS DF MS F P
FISH 0.118 1 0.118 0.863 0.362
TIME 0.243 1 0.243 1.776 0.195
LOC 0.008 1 0.008 0.055 0.816
FISHTIME 0.019 1 0.019 0.139 0.712
FISH'LOC 0.068 1 0.068 0.498 0.487
TIME*LOC 0.012 1 0.012 0.089 0.768
FISHTIME’LOC 0.113 1 0.113 0.822 0.374
ERROR 3.284 24 0.137
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
30
Table 3.5. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night), 
and location (midlake and lake outlet) on concentration of total seston (fine (4-63 pm) + small (64-125pm) 
+ medium (126-500pm) + coarse (>500 |J.m)).
SOURCE SS DF MS F P
FISH 0.045 •« 0.045 0.266 0.610
TIME 0.405 1 0.405 3.405 0.134
LOC 0.001 1 0.001 0.005 0.942
FISH*TIME 0.055 1 0.055 0.328 0.572
FISH’LOC 0.130 1 0.130 0.770 0.389
TIME*LOC 0.029 1 0.029 0.175 0.681
FISH*TIME*LOC 0.190 1 0.190 1.129 0.299
ERROR 4.043 24 0.168
Table 3.6. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night), 
and location (midlake and lake outlet) on concentration of coarse seston (>500 pm).
SOURCE SS DF MS F P
FISH 0.015 1 0.015 3.355 0.079
TIME 0.015 1 0.015 3.516 0.073
LOC 0.007 1 0.007 1.585 0.220
FISH*TIME 0.011 1 0.011 3.443 0.131
FISH'LOC 0.009 1 0.009 3.155 0.155
TIME*LOC 0.004 1 0.004 1.009 0.325
FISH*TIME*LOC 0.008 1 0.008 1.938 0.177
ERROR 0.105 24 0.004
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Table 3.7. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night),
and location (midlake and lake outlet) on concentration of medium seston (126-500 pm).
SOURCE SS DF MS F P
FISH 0.000 1 0.000 1.401 0.248
TIME 0.000 1 0.000 0.036 0.851
LOC 0.000 1 0.000 0.000 0.998
FISH*TIME 0.000 1 0.000 0.699 0.411
FISH'LOC 0.000 1 0.000 0.562 0.461
TIME*LOC 0.000 1 0.000 0.053 0.820
FISH*TIME*LOC 0.000 1 0.000 0.079 0.781
ERROR 0.003 24 0.000
Table 3.8. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night), 
and location (midlake and lake outlet) on concentration of small of seston (64-125 pm).
SOURCE SS DF MS F P
FISH 0.000 1 0.000 0.024 0.878
TIME 0.000 1 0.000 3.86 0.104
LOC 0.001 1 0.001 6.699 0.016
FISH*TIME 0.000 1 0.000 3.111 0.159
FISH*LOC 0.000 1 0.000 0.316 0.579
TIME'LOC 0.000 1 0.000 0.082 0.777
FISH*TIME*LOC 0.000 1 0.000 0.287 0.597
ERROR 0.003 24 0.000
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Table 3.9. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night),
and location (midlake and lake outlet) on concentration of fine of seston (4-63 p.m).
SOURCE SS DF MS F P
FISH 1.770 1 1.770 1.158 0.293
TIME 3.197 1 3.197 1.438 0.242
LOC 1.418 1 1.418 0.928 0.345
FISH*TIME 0.120 1 0.120 0.078 0.782
FISH'LOC 0.209 1 0.209 0.137 0.715
TIME*LOC 0.305 1 0.305 0.200 0.659
FISH*TIME*LOC 0.000 1 0.000 0.00 0.995
ERROR 36.688 24 1.529
Table 3.10. Percent of total seston weight composed of different size fractions of seston in fish present and 
fish absent lakes, day and night sampling, in the lake outlet stream, with mean (SD).
Seston 
Size Fraction
Fish Present Fish Absent Mean (SD)
Day Night Day Night
Fine 97.9 96.8 96.1 93.6 96.1 1.8
Small 0.7 1.8 1.9 1.7 1.6 0.55
Medium 1.2 0.9 1.3 1.6 1.2 0.27
Coarse 0.2 0.5 0.6 3.2 1.1 1.37
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generally decreased with increasing particle size. Fine seston dominated percent contribution to total seston 
averaging 96.1 %, decreasing to 1.6% for small. 1.2% for medium and I. I % for the coarse size fraction. A 
notable exception to this trend is the relatively large contribution of coarse seston in Fish absent lakes during 
night with 3.2% of total seston by weight (Fig. 3.3, Tab. 3.10).
Sampling time and the presence or absence of fish had no marked effect on the composition of any seston 
size fraction (Tables 3 .11. 3 .12. and 3 .13). The most prominent change in seston composition was due to 
sampling location. Exuviae tended to compose proportionally more of the total seston in the outlet 
compared to midlake in the coarse and medium seston size fractions: morphous and amorphous detritus 
composed proportionally more of the total in the small fraction. Fine seston composition was 
indistinguishable using light microscopy, appearing as a homogeneous green layer on filters and assumed to 
be live green pigmented phytoplankton.
Within lake variation dominated the total variation in C:N for all size classes of seston, averaging 93.8%. 
The remaining variation could be attributable to variation among lakes within a fish treatment, averaging 
6.0% across seston size classes, with the fish treatment accounting for 1.2% of the total (Fig. 3.4). The 
percent contribution of different levels of the experimental design to total variation in seston quantity was 
more variable than for quality. Although variations attributable to within lake sampling and among lakes 
within a fish treatment averaged 43.3 and 48.5%, there was large variation among seston size classes.
Within lake variation ranged from 9.2 in the small seston size fraction to 67.6 in the medium. Among lakes 
within a treatment ranged from 25.7 in the coarse to 83.6 in the small seston. Variation attributable to the 
fish treatment averaged 9.4% and ranged from 0.2 in medium to 23.1 in the large seston.
Discussion
Fish presence, sampling time and sampling location had no significant effect on C:N for any size class of 
seston. and there was no difference in C:N among size classes. These data revealed no nutrient or energetic 
bottle necks resulting from fish mediated changes in size distribution o f particulate matter. This might be 
because CTI signals originating at the top o f the food chain (top-down control) weaken with transmission 
distance in oligotrophic systems. The question of how top-down signals interact with lake trophic state was 
first comprehensively addressed by McQeen et al. (1986). They constructed regressions of variables 
describing food web structure and function (single lake abundances of lake piscivores, planktivores, 
zooplankton, and phytoplankton, as well as total phosphorus availability), that allowed predictions of the
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Table 3.11. Semi-quantitative composition o f coarse seston (>500p.m) collected from fish present and fish 
absent lakes, during day and night (± 1.5 h from 1200 h and 0000) from midlake and the lake outlet. 
Categories are percent areal composition of seston on filters. - = absent, + = I -20%. ++ = 21 -50%. +++ = 
51-75.++++ = 76- 100%.
Fish Present Fish Absent
Day Night Day Night
Midlake' Outlet Midlake Outlet Midlake Outlet Midlake Outlet
Zooplankton ++++ +++ ++++ +++ ++++ +++ ++++ +++
Exuviae + ++ + ++ + ++ ++ ++
Detritus
Amorphous - - - - - - - -
Morphous + + + + + + + +
Pollen - - - - - - - -
Table 3.12. Semi-quantitative composition of medium seston ( 126-500 pm) collected from fish present and 
fish absent lakes, during day and night (± 1.5 h from 1200 h and 0000) from midlake and the lake outlet. 
Categories are percent areal composition of seston on filters, - = absent. + = 1-20%, ++ = 21-50%. +++ = 
51-75.++++ = 76 - 100%.
Fish Present Fish Absent
Day Night Day Night
Midlake Outlet Midlake Outlet Midlake Outlet Midlake Outlet
Zooplankton ++ ++ ++ ++ ++ ++ ++ ++
Exuviae + ++ + ++ + ++ + ++
Detritus
Amorphous + + + + + + + +
Morphous ++ ++ ++ ++ ++ ++ ++ ++
Pollen - - - - - - - -
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Table 3.13. Semi-quantitative composition of small seston (64-125 pm) collected from fish present and fish 
absent lakes, taken during day and night (± 13  h from 1200 h and 0000) from midlake and the lake outlet. 
Categories are percent areal composition of seston on filters. - = absent, + = 1-20%. ++ = 21-50%. +++ = 
51-75.++++ = 76- 100%.
Fish Present 
Day Night Day
Fish Absent
Night
Midlake Outlet Midlake Outlet Midlake Outlet Midlake Outlet
Zooplankton ++ ++ ++ ++ ++ ++ ++ ++
Exuviae + + + + + + + +
Detritus
Amorphous + ++ + ++ + ++ + ++
Morphous + ++ + ++ + ++ + ++
Pollen ++ ++ ++ ++ ++ ++ ++ ++
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Figure 3.4. Percent of variation in nutritive quality (C:N) in size fractioned seston (coarse >500, medium 
126-500. small 64-125, and Fine 4-63 |im) and mean percentage for all size fractions (mean (SD)). 
attributable to treatment effect of fish, differences among lakes within a fish treatment, and within lake 
subsampling as determined from nested ANOVAs.
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relative contributions of top-down food web dynamics vs. nutrient supply (bottom-up control) in controlling 
eutrophic lakes, there will be a reduced coupling at the zooplankton-phytoplankton interface in oligotrophic 
community structure in lakes of different trophic status. They predicted that in oligotrophic lakes top-down 
food web effects will not be strongly buffered by nutrients so zooplankton-phytoplankton interactions will 
be significant. Conversely, nutrient mediated buffering will make zooplankton-phytoplankton dynamics of 
lesser importance in eutrophic lakes. Alternatively. Carney (1990) first predicted that because of low 
concentrations of edible algae and therefore lower concentrations of zooplankton. coupled with a 
dominance shift to copepods and associated lower zooplankton per capita filtering rates in oligotrophic vs. 
eutrophic systems, zooplankton-phytoplankton dynamics will be of lesser importance in oligotrophic 
compared to eutrophic lakes. Recently Spencer and Ellis (1998) found that altering zooplankton density at 
ambient oligotrophic nutrient levels had no effect on chlorophyll a values. Zooplankton grazing could only 
be shown to have a demonstrable effect when nutrients were supplemented. These observations support my 
study because I found strong coupling between planktivores and zooplankton (increases in large seston 
concentration dominated by zooplankton in fish absent systems), and weaker coupling among lower trophic 
levels (as represented by lack of change in concentration or nutritive value in seston size categories smaller 
than coarse).
Mean C:N values in this study were 1.51 - 3.47 units higher than the 6.625 predicted from the C:N 
values in the Redfield ratio of 106:16:1 for C:N:P (Redfield et al. 1963). However, a comprehensive study 
of C, N. and P content of particulate material for 51 lakes across climatic regions and size classes found 
mean C:N to be substantially higher than that predicted by the Redfield ratio (Hecky etal. 1993). Further, 
higher C:N, arising from in-lake rather than streambome or atmospherically deposited particles, occurred in 
temperate, oligotrophic lakes on the Canadian Shield. Montane lakes in this study exhibit some of the same 
oligotrophic characteristics as the Shield lakes (e.g. short growing season, unproductive) so higher C:N do 
not seem unreasonable. However, the C:N data had large variability especially within each lake. This 
variability was probably inherent in the C:N analyses technique as weight determination of the same 
samples was much less variable.
Sampling location had no effect on the concentration o f total seston or the concentration of coarse, 
medium or fine seston size fractions. The concentration of small seston increased significantly in the lake 
outlet compared to midlake. This suggests that most suspended particulates available at midlake are simply 
transported to the outlet with little sorting or transformation. However, examination of the seston suggested 
that within the seston fractions whose concentration did not change with sampling location, there were 
seston compositional changes. Exuviae were more abundant in outlet compared to midlake samples for 
both coarse and medium seston, while zooplankton decreased in the coarse fraction of outlet samples.
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Clearly exuviae, with no locomotory ability, were easily flushed from the lake and appear 
disproportionately in the outlet. Some zooplankton species, being totally absent from outlet seston samples, 
appeared to be actively avoiding the outlet stream (see Chapter Four). The net effect of these compositional 
changes was that no seston weight difference occurred between sampling locations. Both morphous and 
amorphous detritus increased in proportion to the total in small seston collected at the outlet compared to 
midlake. Lick (1982) showed that the major factors contributing to particle entrainment. deposition and 
transport in lakes are I) turbulent stress, 2) water content of the particle, 3) composition (including 
mineralogy, particle-size distribution, and organic content), 4) where in the water column the particle 
originated (i.e.. benthic resuspension or surficial deposition) and . 5) activity of benthic organisms. 
MacIntyre et al. (1990) quantified the relative importance of these factors and found 86% of the variability 
in entrainment was due to shear stress and percent water content of particles. Water velocity is a strong 
correlate of shear stress, so as water velocity increases in the outlet stream small benthic particles like 
detritus would be expected to be resuspended before large particles. Resuspended benthic material may 
account for increases in small seston concentration in the outlet. Fine seston was dominated by live, green 
pigmented phytoplankton. Live lacustrine phytoplankton would not be expected to be deposited benthically 
then resuspened. This may explain the lack of significant effect of sampling location in the fine seston size 
fraction. In all cases seston compositional changes were not sufficient to appear as different C:N between 
sampling locations.
Neither sampling time nor fish presence had an effect on the total amount of seston flushed from lakes. 
This was because the majority of seston was found in the fine size category, and neither factor had an effect 
on fine seston. Both time of sampling and fish presence had a significant effect on the size spectrum of 
seston particles flushed from lakes, with more coarse seston exported during night compared to day 
regardless of fish status, and more coarse seston flushed from fish absent lakes. The time effect is probably 
due to zooplankton diel migration, rising in the water column at night, becoming entrained and exported. 
This diel change in seston dynamics, mediated by behavior of lentic organisms which comprise a substantial 
component of an almost exclusively autochthonous lacustrine production differs from particulate dynamics 
in lotic systems where allochthonous production dominates. For example, particulate carbon was found to 
fluctuate randomly over a diel period in the Columbia River (Dahm et al. 1981). This diel cycle of seston 
availability at the lake outlet, would be expected to affect behavior of individual benthic filter feeders in the 
outlet and therefore community dynamics.
The presence of fish changed the size spectrum of seston particles being flushed from lakes, with 
concentrations of coarse seston significantly higher in fish absent systems. Filter feeders consume different 
size fractions of seston, with the fraction consumed dictated by the interelement distance in filtering
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apparatus. For example. Wallace et al. (1977) found the net mesh of hydropsychid trichopterans to range 
from 53-432 pm. while Nubel (1984) found the intermicrotrichial filtering width in a simulid to be <0.4 pm. 
Relatively rare large sestonic particles (e.g. whole large zooplankton) are important dietary components of 
filter-feeding caddisflies (Fuller and Mackay 1981. Harding 1997), and the rapid decrease of these types of 
particles with distance from a lake outlet (Parker and Vosheli 1983) correlates with decreases in filter- 
fceders abundance. The hydropsychid caddisfly Aoteapsyche raruraru VIcFarlane was found in highest 
densities at a location corresponding to highest zooplankton densities in a New Zealand lake outlet (Harding 
1997). As food size spectrum is a strong structuring force in benthic communities, fish, by changing the 
size distribution of exported lake seston, could be a contributing force in determining lake outlet benthic 
community structure.
One of the mechanism o f this structuring influence may be longitudinal changes in downstream seston 
availability dictated by changes in initial seston concentration. Vadebancoeur (1994) found that a power 
function of the form C=aD*. where C=concentration, a=constant, D= distance downstream from the outlet, 
and £=dimensioniess number indicating direction and magnitude of the rate of change in seston 
concentration, best described longitudinal changes in particulate organic carbon (POC) downstream of a 
Montana lake outlet. Fifty eight percent of the variation in b was explained by discharge, but it was argued 
that initial particulate concentrations will also affect b. Vadebancoer (1994) states, “If initial concentrations 
are similar to the concentration that can remain suspended in the stream at that discharge, downstream 
changes in concentration will be minimal. Conversely, if the initial concentration is much higher or lower 
than what can eventually be maintained by the stream, the absolute value of b will be relatively large, or 
lake products will be carried a greater distance downstream.*’ Initial concentration may not only affect 
community composition and species richness (Perry and Sheldon 1986) but also longitudinal invertebrate 
spatial distribution by dictating how far downstream ecologically significant concentrations of seston persist 
(Valettand Stanford 1987).
The contribution of within lake variation in seston quality dominated total variation. This variability 
may have masked any C:N differences among treatments although many studies have used C:N as a 
correlate of nutritive value with success (Wooton 1994). In contrast, there was a more equitable 
distribution of sources of variation in seston quantity. Less than half of the total was accounted for by 
within lake sampling, probably because subsamples had relatively large volume, decreasing the possibility 
that patchy micro distributions of particles would increase sample variance. Within lake variability in 
quantity of fine and small seston was smaller than medium and coarse, which might be expected if the more 
abundant smaller particles were more homogeneously distributed in space. Variation in seston quantity 
among lakes within a fish treatment averaged 48.5% of total. An anomaly, dominance of total variation in
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small seston quantity attributable to among lakes within a fish treatment (83%) is striking. The small seston 
size fraction was the only one where a significant effect o f sampling location was found. As noted above, 
perhaps this was do to resuspension of small seston. Different hydrological conditions at the lake-lake 
outlet interface, resulting in some high values of resuspended particles would explain both the significant 
effect of sampling location and large variance in quantity o f small seston. Future studies can use these data 
to allocate resources in the most effective way to meet study goals and maximize power.
Summary
Lake outlet benthic invertebrate communities are structured in part by lacustrine seston. Hypothesizing 
that lake food web configuration affects absolute quantity, size distribution (4-63 (fine), 64-125 (small).
126-500 (medium), and >500 pm (coarse)), and nutritive quality (C:N) of exported seston, and therefore 
contributes to outlet benthic community structure, we used a replicated whole-lake study to investigate the 
effects of introduced fish on lake and lake-outlet stream seston dynamics. To account for diel vertical 
migration in zooplankton and other site-specific processes that might affect the nature and abundance of 
particles available for export, we included sampling time (day vs. night), sampling location (midlake vs. 
lake outlet), and lake fish status (presence or absence) as in a three factorial study. Neither fish, time, or 
location had an effect on C:N for any size class, or the total amount of seston. Sampling location had no 
effect on the quantity of coarse seston, but composition changed with less zooplankton and more exuviae in 
the outlet compare to midlake. Location had no effect on total, medium, and fine seston, while more 
detritus, possibly resuspended in the outlet, resulted in more small seston in outlet samples compared to 
those from midlake. Time and fish had significant effects on the quantity of coarse seston fraction only. 
Coarse seston increased at night and in fish absent systems. The contribution of within lake variation to 
total variation in seston quality was markedly higher that that attributable to fish treatment or among lakes 
within a fish treatment. Contributions of different levels of the experimental design to seston quantity were 
seston size-class specific but generally more equitable that seston quality. The effect o f fish on seston 
export, and diel changes in export, are expected to affect benthic invertebrate community dynamics in the 
outlet stream.
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Chapter Four
Horizontal zooplankton gradients: shore avoidance or fish 
predation?
Introduction
Lacustrine zooplankton distribution is heterogeneous in both the vertical and horizontal planes. Vertical 
distribution patterns and their diel change are well studied, and it is now generally accepted they result from 
a foraging rate-predation risk trade-off (De Stasio 1993 and references therein). However, factors 
accounting for horizontal patchiness in zooplankton distribution, most often observed as increases in 
density, body size, and clutch size from the shallow nearshore water to the deeper pelagic zone (Boikova 
1986, Werner and Hall 1988, Gliwicz and Rykowska 1992, Taleb etal. 1994) remain elusive.
Seibeck (1968) and Ringelberg (1969) showed that crustacean zooplankton orient themselves using 
underwater angular light and suggested there is active horizontal movement away from light shadowed 
shore areas during the day and movement towards better illuminated offshore areas during night (active 
movement theory). Unlike for vertical movements, no ultimate factors driving these purported shore 
avoidance behaviors have been presented in the literature. Although spatial heterogeneity in food 
conditions and abiotic variables are critical drivers of light induced vertical migrations, these gradients are 
not pronounced enough in the horizontal plane to completely account for observed horizontal gradients 
(Gliwicz and Rykowska 1992, De Stasio 1993, Taleb et al. 1994, Smiley and Tessier 1998).
In contrast to the active movement theory, Gliwicz and Rykowska (1992) argued that horizontal 
zooplankton gradients are best explained by fish predation. They found that an increase in abundance, body 
and clutch size of two Daphnia sp. on a transect from near to far-shore areas correlated with intensity of fish 
predation. Although they stated that their experimental design did not rule out shore avoidance behavior 
accounting for observed zooplankton trends, they cited a generally recognized increase in predation 
pressure from near-shore to off-shore environments in lakes where there are strong horizontal zooplankton 
gradients as support for their theory (Hall et al. 1979, Werner and Hall 1988, Boikova 1986). Their 
strongest argument against shore-avoidance behavior accounting for observed trends was that it would not 
be sound to expect that individuals with greater numbers of eggs in their brood chambers would be faster or 
more efficient in their movement away from shore, yet in their experiment average brood size in both 
Daphnia sp. species was greater offshore. Similarly, Taleb et al. (1994) and De Stasio (1993) suggested
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that low zooplankton densities in the nearshore zones of lakes are likely associated with fish predation but 
they could not determine whether the observed gradient was due to a depletion in density of the prey or fish- 
induced avoidance behaviour.
In this paper I use a replicated whole-lake experimental design, using lakes with fish present and lakes 
with no fish . to test if active shore-avoidance or gradients in fish zooplankton consumption more fully 
account for horizontal gradients in zooplankton abundance and body size. In order to make active shore- 
avoidance a plausible hypothesis, at least two factors likely control horizontal movements in zooplankton:
1) they avoid high predation pressure that occurs in shallow water, and 2) they avoid being flushed from a 
lake via the outlet stream. High predation pressure occurs in shallow near-shore zones because westslope 
cutthroat trout, the only fish species present in study lakes, evolved in association with predatory fishes 
(Mamell et al. 1987). Evolutionary pressure to avoid piscivores resulted in preferential occupation and 
foraging behaviour in shallow water (L. Mamell personal communication), and fish gut contents often 
contains large numbers of terrestrial insects, indicating littoral foraging (personal observations). If 
zooplankton actively avoid the shore they minimize the possibility of being entrained by the outlet stream 
and flushed into a hostile environment. Zooplankton flushed from lakes into lake outlet streams are 
important in structuring lake outlet benthic invertebrate communities (see Richardson and Mackay 1991). 
Therefore, determining the susceptibility and factors regulating the hydrologic removal of zooplankton from 
lakes has community and lotic ecological implications.
In this paper I test if zooplankton are able to actively avoid shore separately from testing if lake outlet 
avoidance occurs. By comparing these sampling locations I could test if there was outlet avoidance over 
and above that that would be expected from simple shore avoidance. I therefore separated the effects of 
light (shore avoidance) from the effects of hydrologic entrainment (outlet avoidance). Because diel cycle is 
critical in determining vertical zooplankton distribution I also conducted diel experiments to determine if 
the light regime at different times of day affected horizontal distribution of lacustrine zooplankton. Specific 
aims of this study were to: 1) test if horizontal zooplankton gradients in abundance and body size occur in 
shallow montane lakes, 2) test if horizontal zooplankton gradients differ in fish present and fish absent 
lakes, 3) test if zooplankton horizontal gradients differ through a diel cycle and, 4) test for lake outlet 
avoidance that cannot be explained by simple shore avoidance.
Methods
The lakes used in this experiment were the same as those used in Chapter Two. Shallow montane lakes 
were used for this study because spatial heterogeneity in temperature and oxygen concentration, two
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important abiotic factors potentially influencing zooplankton distributions (Wright and Shapiro 1990) 
typically is minimal. Indeed, in my lakes midlake (0.5 m deep) and outlet (mid-depth) temperatures were 
not significantly different (paired to.o.o5>=0-'77. P=0.49)).
Each lake was sampled twice ( ± 1.5 h from 1200 h and 0000 h) during a single 24 h period at three 
sampling stations in July or August of 1997. Station locations were the deepest part of the middle of the 
lake (midlake), the outlet stream (outlet), and at a shore location perpendicular to the midlake-outlet 
transect with angle direction determined by coin-toss. In-lake samples (n=3) were taken with a plankton net 
(64 pm mesh) from 1 m deep at midlake and from the 1 m isocline at shore locations, outlet stream samples 
were taken at mid-depth in the deepest portion of the outlet stream immediately before the first evidence of 
turbulent flow. Outlet samples (n=3) were collected by submerged drift nets that retained seston > 64pm. 
The volume of water filtered was determined by area of net opening x water velocity x time net was 
operational. Samples were preserved in 70% ethanol, concentrated to 6 ml. subsampled with a 2 ml 
Henson-Stempel pipette, identified, and counted in a Sedgewick-Rafter counting cell. All taxa were readily 
identified to genus or species (Pennak 1989, Ward and Whipple 1959, Saether 1970). Dr. E.B. Reed 
performed all copepod identifications. Daphnia sp. and rotifers were identified by D. Wickium. Body 
length were measured using a micrometer microscope slide to the nearest 0.05 mm following Pennak 
(1989).
To avoid potentially spurious conclusions resulting from sparsely distributed animals, statistical analyses 
were restricted to taxa that exhibited densities of >15 organisms • mJ for at least one sampling location 
regardless of place or time. Within this numeric restriction, I selected ecologically meaningful taxa for 
analyses at two scales of resolution. That is, I used the lake, and within lake subsamples as replication 
units. Where meaningful, and numerically possible, taxa were grouped so that at least three lakes in each 
fish treatment were represented. For example, as Daphnia species were similar in size and mobility. 
Daphnia were grouped and analyzed at the genus level. Daphnia sp. grouped were Daphnia rosea Richard. 
Daphnia schodleri Sars and Daphnia middendorfiana Fischer. In a similar fashion, rotifers (Keratella 
cochlearis Ahlstrom, Keratella quadrata Berzins, Polyarthra vulgaris Carlin, Gastropus stylifer Imhof. 
Synchaeta sp., and Kellicottia longispinus Kellicott), cyclopoid copepodites and nauplii were grouped for 
analyses using lakes as the unit of replication. Adult copepods differed substantially in their size and 
mobility and were therefore not analyzed as a group. The lack of representation of adult copepods of any 
species, or Polyphemus pediculus Lind, Chaoborus sp. and Holopedium gibberum Zaddach. in all lakes 
precluded using lakes as the unit of replication for these taxa. In these instances distributions were analyzed
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within each lake where abundances warranted. Fifteen taxa were sufficiently represented within a single 
lake to enable this within lake analysis.
Three factor ANOVA, with fish status, sample location, and time as factors, was used to separately test 
for differences in zooplankton abundance and body length, when lakes were used as the units of replication. 
Because of the necessarily low sample size associated with whole system studies some latitude is warranted 
when judging statistical significance (see Vanni etal. 1997). Here I consider PcO.lO as being statistically 
important. For analyses where within lake subsamples were used as the unit of replication two factor anova 
with sample location and time as factors were used to test for differences in zooplankton abundance and 
body length. Where statistically significant within lake gradients were found post hoc Tukeys tests, with 
Boniferroni corrections, were performed. To maximize power, post hoc comparisons were limited to 
differences between sampling times for a given site, and differences among sampling sites for a given time. 
For these fifteen analyses I considered P=0.10/15=0.007 as statistically significant. Analyses were 
performed using Systat (Wilkinson 1990).
As the prime motivation of this research was to identify gradients in. rather than absolute, zooplankton 
abundance, taxa-specific abundances were standardized by mean night, midlake, fish absent values. Night, 
midlake, fish absent values therefore appear as unity and are referred to as standards, with other values as 
proportions of these standards. Zooplankton gradients were assumed to exist if sampling location, or any 
interaction containing sampling location, was found significant.
Results
Results of the analyses using lakes as level of replication are presented in Figs. 4 .1 - 4.4 and Tabs. 4.1 - 
4.4. In no case were there significant statistical interaction terms. Time and location of sampling and fish 
presence had significant effects on Daphnia distribution (Fig. 4 .1, Tab. 4 .1). Night Daphnia abundances 
were significantly greater than day. Outlet abundances were significantly less than midlake abundances, but 
not significantly different from shore abundances. Shore and midlake abundances were not significantly 
different from each other. No abundances were greater than standardized night-fish absent-midlake value. 
Other values ranged from zero animals found in fish present-day-outlet samples to 0.23 of the standard in 
night-fish present-shore samples.
Only fish presence had significant effects on rotifer abundance (Fig. 4.2, Tab. 4.2). Pooled rotifer 
abundance ranged from 0.37 of the standard in fish present-night-outlet samples to 5.8 of the standard in 
fish absent-day-midlake samples. No significant differences were found in any treatment of cyclopoid
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Figure 4 .1. Daphnia sp. abundance, (proportion of fish absent, night midlake values +SE) taken during day 
and night, at midlake, shore and lake outlets, in fish present and fish absent lakes. Night samples are 
statistically greater than day samples. Vertical line beside legend groups statistically similar sampling 
locations. Note log scale.
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Table 4.1. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night),
and location (midlake shore, and lake outlet) on Daphnia sp. abundance.
SOURCE SS DF MS F P
FISH 53.506 1 53.506 31.388 0.000
TIME 18.412 1 18.412 10.801 0.003
LOCATION 36.302 2 18.151 10.648 0.000
TIMETISH 3.253 1 3.253 1.908 0.177
TIME*LOCATION 3.185 2 1.592 0.934 0.404
FISH*LOCATION 0.325 2 0.162 0.095 0.909
FISH*TIME*LOCATION 3.088 2 1.544 0.906 0.415
ERROR 51.140 30 1.705
Table 4.2. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night), 
and location (midlake shore, and lake outlet) on pooled rotifer abundance.
SOURCE SS DF MS F P
FISH 0.838 1 0.838 10.705 0.003
TIME 0.216 1 0.216 2.756 0.107
LOCATION 0.058 2 0.029 0.369 0.695
TIMETISH 0.153 1 0.153 1.952 0.173
TIME*LOCATION 0.064 2 0.032 0.410 0.667
FISH'LOCATION 0.045 2 0.022 0.285 0.754
FISH*TIME*LOCATION 0.044 2 0.022 0.281 0.757
ERROR 2.348 30 0.078
Table 4.3. Three-way ANOVA testing effects of fish (presence or absence), sampling time 
and location (midlake shore, and lake outlet) on nauplii abundance.
SOURCE SS DF MS F P
FISH 689670.9 1 689670.9 3.456 0.073
TIME 9838.903 1 9838.903 0.005 0.944
LOCATION 404411.0 2 202205.5 0.101 0.904
TIMETISH 76049.60 1 76049.60 0.038 0.847
TIME'LOCATION 491049.3 2 245524.6 0.123 0.885
FISH'LOCATION 1622507.8 2 811253.8 0.407 0.670
FISH*TIME*LOCATION 1967928.1 2 983964.0 0.493 0.616
ERROR 0.5996*108 30 1995535.0
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Figure 4.2. Grouped rotifer abundance, (proportion of fish absent, night midlake values +SE) taken during 
day and night, at midlake, shore and lake outlets, in fish present and fish absent lakes. Vertical line beside 
legend groups statistically similar sampling locations. Fish presence had a significant effect.
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copepodites (Fig. 4.3. Tab. 4.3). Abundance values ranged from 0.32 of standard in fish absent-day- 
midlake values to 5.01 of standard in fish present-day-midlake values. Only Fish presence had a significant 
effect on nauplii abundance with fish absent samples higher than fish present. (Fig. 4.4. Tab. 4.4). Values 
ranged from 0.06 o f standard in fish present-night-outlet samples to 2.6 of standard in fish absent-day- 
midlake samples.
Eight of fifteen zooplankton taxa whose abundance permitted within lake analyses of spatial distribution 
exhibited statistically significant abundance gradients denoted by a significant effect of sampling location, 
or an interaction term containing location (Tab. 4.5). Inspection of the graphical depictions of zooplankton 
gradients in Tab. 4.5 allows some important generalizations. Statistically significant zooplankton gradients 
were found in both fish present and fish absent lakes. Gradients often resulted from midlake exhibiting 
higher zooplankton abundance than shore and/or the outlet. Moreover, night abundances often were greater 
than day at midlake.
Table 4.6 contains within lake zooplankton gradients which were not statistically significant after 
ANOVA with Boniferroni adjustment (i.e. effects of time, location and time*location were not significant 
with P>0.007). However, as some of the P values were only marginally non-significant I present post hoc 
tests (Tab. 4.6). Where patterns existed they generally corresponded to Tab. 4.5.
Daphnia sp. body lengths did not differ with sampling time, location or fish status (Fig 4.5, Tab. 4.7). 
Lengths ranged from an average of 0.47 mm in fish absent-day-outlet samples to 0.95 mm in fish present- 
night-outlet samples. Sampling time and locations had no significant effect on body length for any taxa in 
the within lake analyses. H. gibberum lengths averaged approximately 0.8 mm, Aglaodiaptomus leptopus 
(Forbes) about 1.0 mm, Arctodiaptomus arapahoensis (Dodds) about 1.6 mm, Eucyclops agilis Koch about 
1.2 mm. P. pediculus about 0.6 mm, and Hesperodiaptomus shoshone (Forbes) lengths averaged about 2.1 
mm (Figs. 4.6 and 4.7).
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Figure 4.3. Cyclopoid copepodite abundance, (proportion of Fish absent, night midlake values +SE) taken 
during day and night, at midlake, shore and lake outlets, in fish present and fish absent lakes. No significant 
differences.
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Figure 4.4. Grouped naupiii abundance, (proportion of fish absent, night midiake values +SE) taken during 
day and night, at midlake, shore and lake outlets, in fish present and fish absent lakes. Only fish present had 
a significant effect.
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Figure 4.6. Mean length (mm + SE) for Holopedium gibberum from Upper Mud lake. Aglaodiaptomus 
leptopus from Lower Mud lake, Arctodiaptomus arapahoensis from Twin lake, and Eucyclops ctgilis from 
Blackfoot lake, as functions of sampling location (midlake, shore and outlet) and time (day and night). No 
significant differences were found for any taxa. No time effect or interaction was possible for A. 
arapahoensis because of empty data cell.
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Figure 4.7. Mean length (mm + SE) for Aglaodiaptomus leptopus from Last Mud lake. Polyphemus 
pediculus from Last Mud lake, Holopedium gibberum from Last Mud lake, and Hesperodiaptomus 
shoshone from Twin lake, as functions of sampling location (midlake, shore and outlet) and time (day and 
night). No significant differences were found for any taxa.
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Table 4.4. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night),
and location (midlake shore, and lake outlet) on cyclopoid copepodite abundance.
SOURCE SS DF MS F P
FISH 32712.98 1 32712.98 2.606 0.117
TIME 83.78.651 1 83.78.651 0.667 0.420
LOCATION 32662.35 2 16331.178 1.301 0.287
TIME'FISH 19240.529 1 19240.529 1.533 0.225
TIME'LOCATION 22042.04 2 11021.024 0.878 0.426
FISH'LOCATION 4614.663 2 2307.331 0.184 0.833
FISH*TIME*LOCATION 11093.87 2 5546.936 0.442 0.647
ERROR 376619.4 30 12553.98
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Table 4.5. Abundance (number • m ' (SD)) of zooplankton taxa collected in day and night, at midlake, 
shore and outlet in single lakes differing in fish status, where sampling location or a time*location 
interaction was significant. Lines connect abundances not significantly different (with Boniferroni 
adjustments P<0.007 is considered statistically significant).
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Fish Present Fish Absent
Polyphemus pediculus (Unnamed Lake 1) Chaoborus sp.(Upper Snyder)
0(0) 0(0) 0(0)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
15.8(7.9) 0(0) 2.0(1.5)
Time P=0.002
Location P=0.003
Time’ Location P=0.003
34.2(35.5) 18.4(19.9) 0.0(0.0)
Day Midlake______ Shore________Outlet
Night Midlake Shore Outlet
426.4(20.9) 18.4 ( 12.2) 0.0(0.0)
Time P=0.000
Location P=0.000
Time’ Location P=0.000
Holopedium gibberum (Unnamed Lake 1)
797.6(175.9) 0(0) 0(0)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
379.1(47.2) 342.2(213.7) 435.0(59.8)
Time P=0.000
Location P=0.000
Time’ Location P=0.000
Holopedium gibberum (Unnamed Lake 2)
542.9(39.7) 115.8(35.6) 119.7(42.5)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
1097.7(180.9) 660.7(209.3) 614.0(79.9)
Time P=0.000
Location P=0.000
Time’Location P=0.031
Aglaodiaptomus leptopus (Unnamed Lake 1)
31.6(7.9) 5.3(4.6) 3.3(2.5)
Day Midlake Shore_________Outlet
Night Midlake Shore Outlet
26.3(12.1) 15.8(7.9) 19.0(9.6)
Time P=0.092
Location P=0.003
Time’ Location P=0.105
Arctodiaptomus arapahoensis (Twin)
10.5(9.1) 2.6(4.6) 35.7(25.3)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
52.6(9.2) 0.0(0.0) 138.8(19.2)
Time P=0.000
Location P=0.000
Time’Location P=0.000
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Eucyclops agilis (Blackfoot)
142.! ( 15.8) 15.8 (0.0) 15.7(4.0)
Day Midlake Shore_________ Outlet
Night Midlake Shore Outlet
142.1(23.7) 113.2(4.6) 9.0(1.7)
Time P=0.000
Location P=0.000
Time*Location P=0.000
Hesperodiaptomus shoshone (Twin)
2.7(4.6) 8.0(0) 47(5.2)
Day Midlake Shore Outlet
Midlake Shore Out
131.7(47.8) 2.7(4.6) 55.3(21.8)
NB: Night midlake=night outlet, night midlake *  night shore
Time P=0.390
Location P=0.065
Time*Location P=0.004
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Tabic 4.6. Abundance (number •  m 1 (SD)) of zooplankton taxa collected in day and night at midlake, 
shore and outlet in single lakes, differing in fish status, where neither sampling location nor a time*Iocation 
interaction was significant (with Boniferroni adjustments P<0.007 is considered statistically significant).
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Fish Present Fish Absent
Eucyclops agilis (Jim)
Day
0(0)
Midlake
Night Midlake
60.7(25.1)
0(0)
Shore
Shore
42.3(48.3)
2.0(1.7)
Outlet
Outlet
0.70.2)
Holopedium gibberum (Unnamed Lake 3)
Day
189.3(48.9)
Midlake
Night Midlake 
281.4(35.6)
392.0(316.9)
Shore
44.60 5.3) 
Outlet
Shore
436.7(80.8)
Outlet
191.7(45.5)
Time P=0.002
Location P=0.056
Time*Location P=0.039
Time P=0.204
Location P=0.016
Time’ Location P=0.841
Eucyclops speratus (Lower Snyder)
8.0(8.0) 5.3(9.2) 0(0)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
8.0(8.0) 18.7(4.6) 1.0(1.7)
Time P=O.I33
Location P=0.024
Time’ Location P=0.I67
Polyphemus pediculus (Unnamed Lake 3)
7.9(7.9) 21.1 (4.6) 5.3(4.6)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
10.5(12.1) 21.1(9.1) 21.2(3.6)
Time P=0.029
Location P=0.587
Time’ Location P=0.242
Diacyclops thomasi (Blackfoot)
47.4(39.5) 0(0) 0.0(0.0)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
31.6(23.7) 15.8(13.7) 0.7(0.6)
Time P=0.991
Location P=0.010
Time’ Location P=0.406
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Aglaodiaptomus leptopus (Unnamed Lake 3) 
39.48(12.1) 31.6(13.7) 2.6(4.6)
Day Midlake Shore Outlet
Night Midlake Shore Outlet
42.1(53.8) 7.9(7.9) 17.303.2)
Time P=0.153
Location P=0.112
Time’Location P=0.042
Polyphemus pediculus(Sim)
23.7(13.7) 13.2(22.8) 11.0(0.8)
Day Midlake______ Shore________ Outlet
Night Midlake Shore Outlet
7.3(7.9) 23.7(34.4) 6.7(6.6)
Time P=0.029
Location P=0.587
Time’ Location P=0.242
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
62
Table 4.7. Three-way ANOVA testing effects of fish (presence or absence), sampling time (day or night), 
and location (midlake shore, and lake outlet) on Daphnia sp. length. Three-way interaction was not 
possible because of empty fish present, day, outlet data cell.
SOURCE SS DF MS F P
FISH 1.778 1 1.788 0.538 0.231
TIME 1.722 1 1.722 1.490 0.238
LOCATION 0.484 2 0.242 0.210 0.813
TIMETISH 0.055 1 0.055 0.048 0.829
TIME'LOCATION 0.072 2 0.036 0.031 0.317
FISH'LOCATION 2.833 2 1.416 1.225 0.969
ERROR 20.812 18 1.156
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Discussion
Lake as Unit o f Replication
Fish presence, time of sampling and sampling location all had significant effects on Daphnia sp. 
abundance. Low abundance of large ciadocerans in the presence of planktivorous fish has been well 
documented (e.g. Brooks and Dodson 1965). Although noteworthy, fish effects were only of prime 
importance in this study where they interacted with sampling location, thereby suggesting a mechanistic 
explanation of horizontal zooplankton gradients. Horizontal gradients in Daphnia abundance, denoted by a 
significant effect of sampling location, occurred in both fish present and fish absent systems. This is clear 
evidence that gradations in fish predation pressure are not necessary to explain distributional heterogeneity 
of Daphnia in these shallow montane lakes. However, fish predation may influence horizontal zooplankton 
gradients in fish present lakes. For example, during day, when fish predation effects would be expected to 
be most pronounced, shore abundances in fish present systems were on average 7.9% of midlake values 
while in fish absent systems shore abundances were 61.9% of midlake. That the magnitude of shore to 
midlake gradient is larger in fish present lakes suggests that, although not statistically significant, fish may 
be contributing to zooplankton spatial pattern.
It appears that Daphnia actively avoid the outlet stream, because outlet abundances were significantly 
different than midlake values, though not statistically different from shore abundances. An alternative 
explanation is that Daphnia were randomly distributed in the lake but were not sufficiently abundant to 
continually resupply the outlet stream. Lower abundances in the outlet would then be explained by simple 
dilution as animals are flushed out. However, rotifers and nauplii, both with locomotory power less well 
developed than Daphnia, occur in similar abundance to Daphnia in night-midlake-fish absent, samples 
(rotifers 200.1 and nauplii 675.9 vs. Daphnia 553.7 •  m'3); Yet they occurred in statistically similar 
abundances in the outlet. If Daphnia underrepresentation in outlet samples was a simple dilution effect, 
similar abundance patterns should be observed for rotifers and nauplii. Because abundance patterns were 
dissimilar suggests Daphnia are actively avoiding the lake outlet.
Diel vertical migration (DVM) in Daphnia was readily apparent (Fig. 1.1) and was not affected by lake 
fish status. Although some DVM behaviours have been found to be phenotypically plastic, being initiated 
or abandoned based on predator occurrence (Bollens and Frost 1991), clearly some DVM behaviors do not 
require fish cues, but are endogenous, likely resulting from past evolutionary consequences (Young and 
Watt 1993).
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Neither time nor location had significant effects on rotifer, naupiii or copepodite abundances, indicating 
homogeneous distribution in both space and time in these lakes. Gliwicz and Rykowska (1992) found that 
horizontal gradients are strongest in large-bodied zooplankton. The observed lack of horizontal gradients in 
small bodied taxa and small ontogenetic stages is not suprising. Relatively low susceptibility to vertebrate 
predation, and associated low evolutionary pressure to avoid shore, coupled with low locomotory ability is a 
likely explanation for lack of heterogeneous distribution in these organisms and life-history stages. Diel 
vertical migration has been documented in some copepod copepodites when individual species were studied 
(Neill 1992). Using family as the level of taxonomic resolution for copepodites, and low overall 
abundances in this study, may have masked abundance gradients. As for Daphnia. the significant effect of 
fish presence on rotifer and naupiii abundance, without a significant effect of sampling location, is 
interesting from a community ecology perspective, but was not directly in the scope of this paper.
Daphnia body lengths were not affected by fish status, sampling time or location. Smaller body sizes in 
shore and outlet samples might be expected based on both mechanisms hypothesized to contribute to 
horizontal heterogeneity in Daphnia. Smaller bodied animals may be poorer swimmers than larger 
organisms and have difficulty actively avoiding shore; inshore fish predation would be expected to exert 
more pressure on large bodied specimens resulting in lower mean body size (Gliwicz and Rykowska 1992). 
The absence of any gradients in body size in this study strengthens neither the active shore avoidance, nor 
the fish predation hypothesis of horizontal zooplankton gradients.
Within Lake Samples as Units o f Replication
Analyses of zooplankton distributions within single lakes further supports the contention that direct fish 
predation is not required to account for horizontal gradients in zooplankton (Tab. 4.5). Chaoborus sp. 
seemed to avoid the outlet in fishless Upper Snyder lake, with no individuals ever sampled in the outlet. 
Midlake and shore samples were significantly different, but only during night. It appears that the majority 
of Chaoborus inhabited the midlake zone, and undergo DVM. Horizontal gradients, including shore and 
outlet avoidance were only apparent when Chaoborus ascended in the water column (indicated by time by 
location interaction). This same temporal pattern of horizontal distribution occurred for P. pediculus 
Unnamed Lake 1 (Ul-fish present), where only during night ascension into the water column were there 
significant abundance gradients observed. Night gradients of P. pediculus may be caused in part by fish 
predation, but similar distributions of Chaoborus sp. in a fishless lake indicates fish predation is not 
necessary to account for observed trends.
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Shore and outlet avoidance by H. gibberum occurred in Unnamed Lake 2 (U2-fish absent) during day. 
Interestingly, this was a very similar distribution pattern exhibited by H. gibberum in fish present U1. In 
U1 no individuals were present at shore or outlet stations during day. This may be because the active shore 
avoidance behaviour o f H. gibberum exhibited in U2 also occurred in UI, and this behavior was augmented 
by fish predation in U l. DVM explains the increase in abundances observed in night vs. day samples. The 
lack of horizontal gradients during night does not require active movement away from midlake after 
sundown, but simply the cessation of day shore avoidance. DVM seems unlikely to account for the increase 
in night vs. day outlet abundance, where outlet current would be expected to remove animals remaining 
benthic during day. There is little support in these data for the angular light distributed theory of animal 
orientation of Siebeck (1968) and Ringelberg (1969) which predicts an offshore orientation during evening 
ascent. Determining whether passive diffusion after shore avoidance stops (when low evening light levels 
decrease predation risk), or whether active horizontal redistribution of H. gibberum during night best 
explains a more homogeneous horizontal night distribution compared to day. requires more 
experimentation. In a manner similar to Chaoborus in fishless Upper Snyder lake, no fish presence was 
required in U2 to initiate DVM or shore and outlet avoidance in H. gibberum.
Aglaodiaptomus leptopus in U l, and E. agilis in Blackfoot lake (both with fish), exhibit the same 
general diel pattern as H. gibberum in U I. Midlake abundances were similar in day and night, and 
significant decreases in abundance gradient were observed between midlake and shore at night compared to 
day. Similar diel midlake abundances suggest weak or non-existent DVM. Copepods are often less 
susceptible to fish predation than cladocerans because of their greater mobility. Avoiding individual fish 
attacks may have precluded any evolution of DVM for these species. A diel horizontal redistribution of 
animals could account for observed gradients in H. gibberum and A. leptopus (day midlake + day shore = 
night midlake + night shore). Davies (1985) suggests a diel horizontal migration explained similar spatial 
patterns over a diel cycle in Daphnia hyaline lacustris Sars in a eutrophic pond. Some DVM is required in 
E. agilis to account for increased overall night abundances (day midlake + day shore < night midlake + 
night shore). Aglaodiaptomus leptopus and E. agilis both clearly avoided both shore and the outlet during 
day. Additionally, E. agilis showed a night outlet avoidance. As argued above, fish predation may account 
for this spatial pattern, but active avoidance of shallow water during day, coupled with avoidance of 
hydrologic entrainment during night, may also be influential.
Arctodiaptomus arapahoensis and H. shoshone distribution in fishless Twin lake presented an 
interpretation challenge. No statistically significant spatial gradients existed during day for A. 
arapahoensis, although high variation probably excluded the large abundance in the outlet from being
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
66
significantly different than the other locations. Night sampling locations were all significantly different 
from one another, with the outlet being the highest. A lifehistory strategy that involves removal from the 
lake via the outlet stream before reproduction seems unlikely. What may have happened is that a single, 
strong, synchronized cohort completed reproduction, and entered a relatively immobile senescent state, and 
was being flushed from the lake. A complete absence of rotifers and cladocerans, possibly removed by 
intense predation and/or competitive pressure, and a very uniform A. arapahoensis body size lends 
credence to this theory (Ftg. 4.6). Hesperodiaptomus shoshone exhibited higher night midlake values than 
day. consistently low shore values and high outlet values, although lack of any significant difference 
between shore and outlet abundances make placing ecological significance to these findings tenuous. 
Anomalous community structure in this lake seems to manifest in anomalous zooplankton distributions.
There was only one statistically significant case in the within lake analyses, where there seemed to be 
outlet avoidance over and above shore avoidance (£. agilis in Blackfoot lake). There was also one 
statistically significant case where abundance was significantly higher in the outlet compared to shore ( A. 
arapahoensis in Twin lake). This suggests that in the observed species if avoidance of hydrologic 
entrainment exists it is not as drastic in observed taxa. and therefore not as experimentally tractable, as 
shore avoidance.
Inspection of non-significant distributional trends in Tab. 4.6 are generally similar to those in Tab. 4.5. 
DVM and active shore avoidance, with potential additional avoidance of hydrologic entrainment are 
sufficient to explain observed gradients. Fish predation may account for, or contribute to, horizontal 
distributions in fish present lakes but invoking a direct predation argument is not necessary.
No differences in body size across times and locations were detected for any taxa in any analyses. This 
has the unlikely implication that if fish predation was the major contributing factor to horizontal pattern in 
zooplankton abundance in fish present lakes, there would be equal predation pressure on all body sizes 
within a species. For copepod adults, variation in body sizes were relatively small. This is expected since 
copepods have morphologically distinct early developmental stages that were not included in body size 
measurements. In contrast, for cladocerans, juvenile stages have the same general morphology as adults, 
simply smaller. Therefore juveniles as well as adults were measured when determining body sizes of these 
taxa, resulting in greater variation.
Larval salamanders were present in three of four fishless lakes and in none of the lakes with fish. Larval 
salamanders are zooplanktivores and it is possible that they affected zooplankton horizontal distributions. 
However, Stangel and Semlitsch (1986), found that densities of Ambystoma sp. found in natural populations
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had no effect on vertical distributions of zooplankton (both copepods and cladocerans including Daphnia) 
in aquaria. As DVM was not induced by salamander presence it seems unlikely horizontal movements 
would be initiated. Liss et al. (1995) found that there was no statistically significant relationship between 
salamander larval density and crustacean zooplankton density regardless of lake fish status in montane lakes 
of the Cascade Mountains WA. USA. Although the relationship between zooplankton and salamander 
larvae is poorly known, initial indications suggest that salamanders do not strongly affect the spatial 
distribution of zooplankton.
It has been suggested that lacustrine vertebrate and invertebrate predation act alternately because 
invertebrate predators are themselves subject to fish predation. As a consequence, the role of invertebrate 
predation increases as fish predation declines (Mumm 1997). However, a simple functional replacement of 
fish by Chaoborus or predatory copepods. in affecting horizontal zooplankton prey distribution, is unlikely 
in this study. Only one fish absent lake. Upper Snyder, had sufficient abundance of Chaoborus to warrant 
spatial analyses (Tab. 4.5). Chaoborus was not observed in Twin lake, one Chaoborus individual in a 
single subsample was found in U2, and limited numbers (<4 individuals) were found in only four of 
eighteen subsamples in U3. As strength of antipredator behaviour is positively related to predation risk 
(Ramcharan et al. 1992), low Chaoborus abundances suggest a lack of behavioral response. Further, 
zooplankton DVM resulting from Chaoborus presence has been found to be opposite of that induced by fish 
presence, with zooplankton remaining near surface by day and descending at night (Neil 1992). No 
evidence of reverse DVM was found in this study. Predatory copepods were mostly rare and small bodied 
in study lakes. Caramujo et al. (1997) found that copepod predation on Daphnia can be much less 
important than fish predation, as copepods induced effective Daphnia morphological defenses.
In conclusion, horizontal zooplankton abundance gradients occurred in both fish present and fish absent 
lakes. No horizontal gradients in zooplankton body size were found. Gradients in fish predation may 
contribute to the strength of zooplankton abundance pattern but it is not necessary to invoke predation to 
explain horizontal zooplankton gradients. Horizontal zooplankton gradients differed through a diel cycle 
but changes in distributional pattern were species specific with some species exhibiting gradients only 
during day, while others only during night. Avoidance of the outlet over and above active shore avoidance 
appeared to take place in Daphnia sp. based on replicated lake analyses. Within lake analyses provided 
equivocal support of active outlet avoidance with most taxa showing no significant difference between 
shore and outlet abundance (7 of 9), one taxa showing a decrease, and one an increase in outlet compared to 
shore abundance.
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Summary
Lakes often exhibit gradients in zooplankton abundance and body size from inshore to offshore. I used 
fish present (n=4) and fish absent lakes (n=4) to test if gradients exist in shallow montane lacustrine 
systems, and to investigate factors controlling horizontal zooplankton distribution. I used two spatial scales 
of analyses. Where taxa were sufficiently represented in enough lakes, I used the lake as the unit of 
replication and tested the effects o f fish presence, time (day or night), and sampling location (midlake, 
outlet and shore (located perpendicular to outlet-midlake line) on zooplankton abundance and body size. 
Where lake replication was not possible I used within a single lake sub-samples (n=3) as the unit of 
replication and tested the effects o f time and location on zooplankton abundance and body size. Horizontal 
zooplankton abundance gradients occurred in both fish present and fish absent lakes at both analytical 
scales, indicating that it is not necessary to invoke predation to explain observed gradients. Fish predation 
may strengthen spatial patterns common to both fish present and fish absent systems as abundance 
differences at among locations are often greater in fish present systems compared to fish absent, suggesting 
both fish predation and avoidance behavior may be taking place. Horizontal zooplankton gradients differ 
through a diel cycle but changes in distributional pattern are species specific with some species exhibiting 
gradients only during day. while others only during night. Avoidance of the outlet over and above active 
shore avoidance appears to take place in Daphnia sp. (based on replicated lake analyses). Within lake 
analyses provided equivocal support of active outlet avoidance with most taxa showing no significant 
difference between shore and outlet abundance (seven of nine), one taxa showing a decrease, and one an 
increase in outlet compared to shore abundance.
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Chapter Five 
Effects of Fish Introductions in Lakes
Introduction
The importance of species introductions in determining ecosystem structure and function is well 
established in the literature. O f particular interest is determining in what ecological situations introductions 
have more or less of an effect in structuring communities. This dissertation deals with the ecological effects 
o f introduced fish in montane lakes. In order to put this research into a broader context it is useful to 
predict, based on the current literature, whether effects observed is this study would be expected to be more 
or less severe in other types o f lakes. To this end I. 1) briefly summarize the major effects fish can have on 
lacustrine community structure of the two major prey taxa of concern in this paper, zooplankton and benthic 
invertebrates. 2) identify factors that ameliorate or amplify the affects of fish predation, and 3) use this 
information to predict what types of lacustrine systems would be most susceptible change by introduced 
fish.
Effects of Fish on Invertebrate Community Structure
The hypothesis that visually foraging fish prey selectively on larger zooplankton species, causing the 
zooplankton community to be dominated by small bodied forms has been formalized for some time (Zaret 
1980). Since initial observations, substantial experimental support has accumulated for this theory of size- 
structured zooplankton populations (Stein et al. 1988, Hesson et al. 1995). Although fish effects are often 
thought to be restricted to large bodied cladocerans and Chaoboridae, fish have also been found to affect 
copepods. small cladocerans. and even rotifer abundance, biomass, distribution, size structure, and species 
composition (Anderson 1980, Zaret 1980, Stenson 1982, Christoffersen et al. 1993, Hansson and Carpenter 
1993, Hesson et al. 1995). The impact of fish on many, if not most zooplankton communities is 
unquestionable. However, there are instances where expected effects have not been manifested. For 
example, in many montane lakes in Western Canada native large diaptomid copepods have been extirpated 
by the introduction of salmonids. but in some lakes they have persisted (Anderson 1980, Donald et al.
1994).
There is conflicting evidence about the importance of fish in regulating abundance, community structure, 
and distribution of benthic invertebrate populations. Many studies suggest that fish have little effect on 
benthic communities (Kajak 1977, Thorp and Bergey 1981, Allan 1982, Hershey 1985, Hanson and Leggett
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1986, Reice and Edwards 1997), while others indicate that fish affect abundance (Macan 1977, Andersson 
et al. 1978. Healy 1984, Mittelbach 1988, Luecke 1990, Bechara etal. 1993, Dudgeon 1996), survival 
(Keller and Ribi 1993). biomass (Crowder and Cooper 1982. Gilliam et al. 1989). species composition 
(Hall etal. 1970. Johnson 1978, Gilinsky 1984. Healey 1984,. Bendell and McNicoI 1995), size structure 
(Post and Cucin 1984, Chilton and Margraf 1990. Diehl 1992, Bechara etal. 1993), and spatial distribution 
(Gilinsky 1984. Luecke 1990) of benthic invertebrates.
Much of the interstudy variation about the effects of fish on zooplankton and benthic invertebrate 
communities can be explained by examining specific mechanisms of effect and identifying factors which 
moderate these mechanisms. This subject is explored further below.
Viewing fish predation as a simple force of mortality may confuse our understanding of the real ways a 
prey population is affected by predators (Gliwicz 1994), for fish can have both direct and indirect effects on 
prey. A complicating factor in this discussion is the previous usage of the term indirect when describing 
predator effects. Miller and Kerfoot (1987) defined indirect effects as those that were mediated and 
transmitted by a third species, outside the predator-prey system of interest. Gliwicz (1994) rejected this 
definition, defining indirect effects as those that originated within the predator-prey system but were not 
direct consumption or presumably mortalities resulting from non-successful predation attempts (e.g. 
reduced growth or fecundity caused by decreases in resource acquisition that resulted from predator induced 
behavioral changes). In this discussion the phrase direct effect will be used to describe mortality resulting 
form predation attempts, while indirect effect will be used to describe all other effects including both types 
described above.
Individual fitness is often thought of as having three correlates: survival, size at reproduction, and time 
to (and between) reproductive events. Anything that affects these variables can be thought of as affecting 
fitness. Each of these fitness components are subjected to two major forces of natural selection: 
competition and predation. Because life-history strategies are constantly trading off between selection 
forces and the compromise between too great a risk of predation and not being able to acquire enough 
resources it is often difficult to tease apart if a decrease in prey population with increased predator presence 
is the result of direct or indirect effects (Gliwicz 1994). Losses from a prey population resulting from direct 
predation are straightforward and will not be dealt with further. Indirect effects of predation are many and 
varied but all have the potential to affect the three fitness components.
General categories of indirect effects of fish predation include adjustments in morphology, life-history 
modification or behavioral modification. Each of these general categories of fish effects can affect the 
ecological success of a species by causing changes in energy acquisition and allocation.
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Morphological adjustments by zooplankton in the presence of predators are well documented and 
include a host of body projections intended to make capture and handling more difficult (Havel 1987). As 
fish are often visual predators, a decrease in invertebrate body size within a species, resulting in a less 
conspicuous prey item, is often documented with increased fish predation (Manca and Tognota 1993). 
Changes in pigmentation patterns and gross body shape are the other variable often affected by fish 
predation pressure (Havel 1987).
Gliwicz (1994) gives examples of invertebrates entering diapause (Hairston 1987). or shifting time of 
reproduction (Stibor 1992. Machacek 1991) when faced with a fish predation risk. Peckarsky et al. (1993) 
found that Baetis mayflies reared in chambers with predators (stoneflies) matured at smaller body sizes and 
produced smaller eggs compared with those reared without predators.
Substantial evidence from the lotic literature suggests benthic invertebrates alter their behavior in the 
presence of fish. Baetis sp. nymphs have been found to increase refuge use when exposed to fish (Tikkanen 
et al. 1996) and to decrease activity during day in fish present streams but become aperiodic or weakly 
nocturnal in fishless streams (Cowan and Peckarsky 1994). No studies were found that investigated the 
effects of fish on lacustrine benthic invertebrate behaviors, possibly because of the logistical difficulties of 
underwater work. However, the fact that strong effects have been found in many lotic studies suggests fish 
may well be altering lake invertebrate behavior. Fish predation risk has also been found to change 
zooplankton behavior. For example, fish predation was found to alter the clonal composition of Daphnia 
magna Straus clones to one with a more developed and effective avoidance/escape behavior. The clone 
which coexisted with fish in nature was more responsive to the presence of a fish predator, while the clone 
not exposed to fish predation did not exhibit the defensive reaction (Pijanowska et al. 1993).
Any of the fish induced changes listed above, in a single species, may cascade into community changes 
by changing types and strengths of species interactions. Classic lacustrine trophic cascades (see Chapter 
Three) are well documented and the identification of cascading effects involving aquatic insects and 
periphyton in lotic systems (Power 1990, 1992), suggest cascades are the rule rather than the exception in 
aquatic ecology.
As argued above, introduced fish can have both direct and indirect effect on lacustrine invertebrates. 
However, either direct predation, or the risk of predation, is the ultimate force behind listed effects. 
Investigating factors that moderate predation risk is therefore useful when attempting to predict how 
ecologically important fish introductions will be.
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Factors Affecting Predation 
Refugia
Implicit in any direct predation is that the predator must have access to prey items. The availability and 
efficacy of refugia. in which prey may avoid predators, is obviously a factor mediating predation effects on 
aquatic communities. Here refugia are grouped into three categories, spatial, temporal and size.
Spatial
Many types of prey items are found to seek physical separation from potential predators. Macrobenthic 
invertebrate densities are often highest in regions exhibiting dense growth macrophytes, which act a refuge 
from fish predation. Total density and morphospecies richness of macroinvertebrates has been found to be 
directly related to the size of opening in available refugia. with larger openings providing poorer protection 
from predation (Dudgeon 1996). Survival of the freshwater snail Viviparus ater L. was significantly higher 
in areas where refugia were available (Keller and Ribi 1993). Substrate interstitial space, underneath rocks 
or large woody debris etc.. or organism-constructed burrows are some of the most common in vivo benthic 
invertebrate spatial refugia.
Fish predation has also been found to have less impact on the zooplankton community in the more 
structured environment of macrophyte beds (Irvine et al. 1989, Schriver et al. 1995, Stansfield et al. 1995). 
Adult copepods are often found just above the sediments in pelagiai waters of arctic lakes, perhaps to avoid 
fish predation (Wetzel 1983). The epilimnion in a stratified lake has been shown to be a spatial refugia 
from hypolimnetic predators that are thermally excluded from the warmer surface waters (Spencer et al. 
1991).
Time
While spatial refugia separate predator from prey that otherwise may coexist in space at one time, 
temporal refugia separate predator from prey that occupy the same space but at different times. During 
periods of arrested growth, the majority of cyclopoid copepod populations in some alpine lakes have been 
found to enter diapause in naupliar stages in the sediments. These life-history strategies are believed to be 
attempts to avoid predation by fish and predatory adult copepods (Nilssen 1978, Strickler and Twomby 
1975).
Size
Size refugia occur when a prey item is physically too small, or too big for a predator to handle. For 
example, Bechara et al. (1993) found that in their study of the impact of brook trout on an experimental 
stream benthic community that in general the density of insects smaller than 2 mm was not significantly 
reduced. Researchers have suggested that small size refugia exist because predators simply cannot detect 
small organisms or that the net caloric return from securing small prey items makes them energetically
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unappealing to prey upon. Large size refugia exist when a prey species grows beyond the point where a 
predator is capable of handling and ingesting it.
Food Web Complexity and Productivity
Fish predation plays a central and fundamental role in classic TCH aquatic theory. The model relies
heavily on two assumptions: compartmentalization of food webs into Eltonian trophic levels and. the
assumption that a trophic level has the ability to be the major structuring force of the level beneath it. Fish
introductions into a food web that are in accordance with these assumptions would be expected to have
dramatic cascading effects. Alternatively, if assumptions are not true, little effect might be expected. For
example in temperate reservoirs shad (Dorosoma sp.) are argued to regulate community composition from
their intermediate position in the food web. instead of themselves being regulated by top-down or bottom-
up forces (Stein et al. 1995). Fish introductions into a food web regulated by complex weblike interactions
would be expected to have less ecological impact than in one regulated by more chainlike interactions.
Predator impacts are also hypothesized to be less apparent when prey replenishment rates are high 
(Cooper et al. 1990). Individual predator foraging rates are often limited by their functional responses to 
prey. When predator consumption is limited by functional response and predator populations are limited by 
some factor other that prey availability, predation may have limited impact on community structure.
Food Web Experience
A food web adapted to existing predators may not be drastically changed by their introduction. 
Experiments where invertebrates have a history of coexistence with fish predators have either failed to 
detect significant fish effects, or have found differences that affect only a small subset of prey species and 
have inconsistent effects in space and time (Wellborn and Robinson 1991). The relatively stronger fish 
predation effects observed in naive communities (Hemphill and Cooper 1984, Chess et al. 1993) can be 
attributed to inherent susceptibilities to predation (e.g. large body size) and lack of antipredator adaptations 
(e.g. diel migrations) in constituent species.
What Types of Lakes are Most Susceptible to Effects of Fish Predation?
Substantial ecological change resulting from fish introductions are expected to take place in lakes where 
the factors affecting predation: refugia and food web complexity, productivity, and predator experience are 
minimal. Table 5.1 presents descriptors of factors mediating effects of introduced fish predation in two lake 
types hypothesized to occupy poles on a continuum of lake types where shallow ultraoligotrophic lakes are 
expected to be substantially impacted by fish introductions and eutrophic lakes less impacted. In most cases 
the factors that ameliorate predation effects of introduced fish are weak or lacking in ultraoligotrophic 
lakes. Clearly cited factors mediating effects of introduced fish may not be independent, or all
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simultaneously applicable to all lake types. For example, large native diaptomid copepods have persisted in 
some oligotrophic lakes in western Canada even after salmonid introductions (Donald et al. 1994). For 
such anomalous findings, an explanation often lies in a departure from typical lake structural or food web 
characteristics. Donald et al. (1994) found that a spatial refugia existed in the center of the pelagic zone of 
the uncharacteristically large montane lakes where fish predation was low. However, invertebrate 
community structure in shallow ultra-oligotrophic lakes, like those in this dissertation, are generally 
expected to be strongly impacted by fish introductions compared to other lake types.
Table 5.1 Descriptors of factors mediating effects of introduced fish predation in shallow ultra-oligotrophic 
and eutrophic lakes, hypothesized to occupy poles on a continuum of susceptibility to impact by fish 
introductions.
Factor Affecting 
Introduced Fish 
Predation
Lake Type
Shallow Ultra-oligotrophic Eutrophic
Refugia
Space: stratification 
macrophytes
Size
Time
weak or nonexistent 
few or none 
variable 
variable
stratification 
macrophyte cover 
variable 
variable
Food web: complexity 
productivity 
experience
species depauperate, few linkages 
low 
low
many species, many linkages 
high 
high
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Summary and Conclusions
In the research reported here I used a replicated whole-lake experimental design to investigate how 
introduction of fish into historically fishless montane lakes affects lacustrine food webs and how fish- 
induced changes may have cascading effects outside the spatial confines of the lake.
In addition to an introduction and this summary chapter, I presented three self-contained data chapters 
(Chapters Two, Three and Four), and a chapter containing a review of the effects of fish predation in lakes 
(Chapter Five).
Chapter Two quantified the effects o f fish on the lactustrine benthic invertebrate and zooplankton 
communities using the univariate metrics of pooled biomass, size, density, and species richness, and a 
multivariate ordination of whole community data. Zooplankton and benthic invertebrate size was smaller in 
lakes with fish. Fish present systems had denser benthic communities but less dense zooplankton 
communities. Zooplankton biomass, and zooplankton and benthic invertebrate taxa richness did not differ 
with lake fish status. When lake specific benthic invertebrate biomass and taxa richness was added to 
corresponding zooplankton biomass and taxa richness to yield total invertebrate biomass and richness 
variables, fish present lakes had less biomass while taxa richness did not differ with fish presence or 
absence. Although taxa richness did not differ with lake fish status, ordination revealed that fish presence 
tended to homogenize the benthic community into one which contains a subset of species from the available 
pool. Benthic community types observed in fish absent lakes were more varied. Zooplankton communities 
from fish present and fish absent lakes generally occupied the same multivariate space.
Chapter Three quantified the effects of fish on total amount, size spectrum (4-63 (fine), 64-125 (small),
126-500 (medium), and >500 pm (coarse)), and nutritive quality (C:N) of seston flushed from lakes. It was 
argued that seston exported from lakes contributes to benthic invertebrate lake outlet community structure, 
so that fish mediated changes in seston would be expected to be manifested in changes in outlet community 
dynamics. To account for diel vertical migration in zooplankton and other site-specific processes that might 
affect the nature and abundance of particles available for export, I included sampling time (day vs. night), 
sampling location (midlake vs. lake outlet), and lake fish status (presence or absence) as in a three factorial 
study. Neither fish, time, or location had an effect on C:N for any size class, or the total amount of seston. 
Sampling location had no effect on the quantity of coarse seston, but composition changed with less
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zooplankton and more exuviae in the outlet compare to midlake. Location had no effect on total, medium, 
and fine seston, while more detritus, possibly resuspended in the outlet, resulted in more small seston in 
outlet samples compared to those from midlake. Time and fish had significant effects on the quantity of 
coarse seston fraction only. Coarse seston increased at night and in fish absent systems.
Chapter Four investigated the mechanisms of changes in lacustrine seston export by comparing 
zooplankton horizontal distributions in lakes with and without fish. As zooplankton comprise a substantial 
component of exported seston. fish mediated changes in zooplankton horizontal distribution in lakes, and 
therefore their affinity for being flushed into the outlet, was hypothesized as being a mechanism through 
which introduced fish can contribute to outlet benthic invertebrate community structure that is dependent on 
lacustrine seston. Two spatial scales of analyses were used. Where taxa were sufficiently represented in 
enough lakes, the lake was used as the unit of replication to test the effects of fish presence, time (day or 
night), and sampling location (midlake, outlet and shore (located perpendicular to outlet-midlake line) on 
zooplankton abundance and body size. Where lake replication was not possible within a single lake sub­
samples were used as the unit of replication to test the effects of time and location on zooplankton 
abundance and body size. Horizontal zooplankton abundance gradients occurred in both fish present and 
fish absent lakes at both analytical scales. This indicates that zooplankton behviours can account for 
observed gradients and that it is not necessary to invoke fish predation arguments. Fish predation may 
strengthen spatial patterns common to both fish present and fish absent systems as abundance differences at 
among locations are often greater in fish present systems compared to fish absent, suggesting in some cases 
both fish predation and avoidance behavior may be taking place. Horizontal zooplankton gradients differ 
through a diel cycle but changes in distributional pattern are species specific with some species exhibiting 
gradients only during day, while others only during night. Avoidance of the outlet over and above active 
shore avoidance appears to take place in Daphnia sp. (based on replicated lake analyses). Within lake 
analyses provided equivocal support of active outlet avoidance with most taxa showing no significant 
difference between shore and outlet abundance (seven of nine), one taxa showing a decrease, and one an 
increase in outlet compared to shore abundance.
In Chapter Five I reviewed the effects of fish predation on invertebrates. Fish effects on lacustrine 
invertebrates ranged from substantial to minimal. I argued refugia. productivity, and food web complexity 
ameliorate the effects of fish predation and by knowing the nature and extent o f predation ameliorating 
factors, predictions about the severity of fish predation impacts in a specific lake type might be made. 
Because predation moderating influences are weak in shallow oligotrophic lakes, fish predation impacts are 
predicted to be strong in this lake type.
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Fish had significant effects on lactustrine invertebrate communities. Fish induced changes in lacustrine 
zooplankton size and density altering the type of particles available for export as seston. Interestingly, the 
presence or absence of fish had limited effect on the horizontal distributions o f zooplankton. which was 
hypothesized a priori to be a mechanism through which fish would affect seston export. Instead, diel 
vertical migration and shore or outlet avoidance was observed in both fish present and fishless lakes. These 
behaviours probably resulted from past evolutionary pressure from fish. These findings suggest that fish not 
only have the potential to affect outlet benthic invertebrate community structure downstream of lake with 
fish in it by directly altering the zooplankton community available for export, but the ghost of predation past 
(Gliwicz and Rykowska 1992) caused zooplankton diel and avoidance behaviors that affect seston export 
magnitude and timing in both lakes with and without fish. All fishless systems were in close proximity (<6 
km) to fish present systems. The extent of gene flow needed to maintain zooplankton avoidance behaviors 
is unknown. If fish absent lakes were genetically isolated from fish present systems long enough 
zooplankton avoidance behaviors, and therefore fish effects on exported seston. might be minimized or 
negated. There is the possibility that zooplankton shore avoidance resulted from selection of outlet 
avoidance behaviours. Even if this is the case, fish have unequivocal effects on diel zooplankton behaviour 
and the size structure of zooplankton available for export and therefore affect seston export. These changes 
in seston exports are expected to affect benthic invertebrate community dynamic in the lake outlet.
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